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Abstract

Post-Transcriptional regulation of the eukaryotic transcriptome by the covalent RNA modification
N6-methyladenosine
Stephen James Anderson
Brian Gregory
Once a messenger RNA molecule is transcribed, a myriad of RNA fate decisions must be made. How these
fate decisions are made is often unclear, and elucidating factors determining these fate outcomes is an essential
task in order to fully understand gene regulation. One poorly- understood but undoubtedly important factor
in post-transcriptional gene regulation is the covalent modification of ribonucleotides. Much like DNA can
have chemical groups added to a nucleotide within its primary sequence, RNA can be modified in a similar
manner. These covalent modifications of RNA are a ubiquitous feature found within the RNA of all
organisms. Dozens of these modifications have been described to date, yet the function or importance of most
of these modifications remains unclear. One crucial RNA modification is N6-methyladenosine (m6A), as it is
the most abundant known non-cap modification within the eukaryotic transcriptome. In this work, we
characterize the role of m6A in the Arabidopsis transcriptome using various sequencing methods that
demonstrate that m6A is an abundant mark that is largely maintained across differing Arabidopsis tissues and
developmental stages. This prevalent mark promotes transcript stability in mNRAs involved in many
important and diverse biological processes, such as salt stress. The absence of this mark results in
endonucleolytic cleavage and degradation of the transcript in a highly specific and local manner. We further
demonstrate that this modification modulates secondary structure throughout the transcriptome, and that
m6A is associated with changes in RNA-binding protein association. Lastly, we turn our view to how an
association between m6A and the m6A-specific binding protein YTHDC1 influences the development and
transcriptome-wide splicing and polyadenylation pattern in the mouse germline. We demonstrate that in the
absence of YTHDC1, widespread developmental, splicing, and polyadenylation defects occur, resulting in
non-functional gametes. In total, this work greatly expands our knowledge and understanding of the biological
importance and mechanisms of m6A-mediated post-transcriptional regulation.
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ABSTRACT

POST-TRANSCRIPTIONAL REGULATION OF THE EUKARYOTIC TRANSCRIPTOME BY THE
COVALENT RNA MODIFICATION N6-METHYLADENOSINE
Stephen James Anderson
Brian Gregory
Once a messenger RNA molecule is transcribed, a myriad of RNA fate decisions must be made.
How these fate decisions are made is often unclear, and elucidating factors determining these
fate outcomes is an essential task in order to fully understand gene regulation. One poorlyunderstood but undoubtedly important factor in post-transcriptional gene regulation is the
covalent modification of ribonucleotides. Much like DNA can have chemical groups added to a
nucleotide within its primary sequence, RNA can be modified in a similar manner. These covalent
modifications of RNA are a ubiquitous feature found within the RNA of all organisms. Dozens of
these modifications have been described to date, yet the function or importance of most of these
modifications remains unclear. One crucial RNA modification is N6-methyladenosine (m6A), as it
is the most abundant known non-cap modification within the eukaryotic transcriptome. In this
work, we characterize the role of m6A in the Arabidopsis transcriptome using various sequencing
methods that demonstrate that m6A is an abundant mark that is largely maintained across
differing Arabidopsis tissues and developmental stages. This prevalent mark promotes transcript
stability in mRNAs involved in many important and diverse biological processes, such as salt
stress. The absence of this mark results in ribonucleolytic cleavage and degradation of the
transcript in a highly specific and local manner. We further demonstrate that this modification
modulates secondary structure throughout the transcriptome, and that m6A is associated with
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changes in RNA-binding protein association. Lastly, we turn our view to how an association
between m6A and the m6A-specific binding protein YTHDC1 influences the development and
transcriptome-wide splicing and polyadenylation pattern in the mouse germline. We demonstrate
that in the absence of YTHDC1, widespread developmental, splicing, and polyadenylation defects
occur, resulting in non-functional gametes. In total, this work greatly expands our knowledge and
understanding of the biological importance and mechanisms of m6A-mediated post-transcriptional
regulation.
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CHAPTER 1: Introduction to RNA-binding proteins, RNA secondary
structure, and covalent modification of mRNA in eukaryotes
Abstract: Eukaryotic gene expression is a tightly regulated process that is controlled at the levels
of transcription and post-transcriptionally. Post-transcriptional regulation of mRNAs in eukaryotes
is a complex process that is carried out through many different mechanisms. One area of posttranscriptional gene regulation that is an active and growing area of scientific interest is the
influence of covalent RNA modifications. In particular the mRNA modification N6-methyladenosine
is the most abundant internal mRNA modification in eukaryotes and is known to have a profound
influence on transcript fate through a variety of mechanisms. These mechanisms include
governing RNA-protein interactions, RNA secondary structure, and unknown mechanisms of
actions that influence mRNA stability, splicing, translation and many other consequences. The
section below contains a description of what is currently understood of the role of m6A in the
eukaryotic transcriptome and the many factors that facilitate m6A mediated regulation.

1.1 INTRODUCTION
DNA dictates an organism’s genetic identity, where each gene serves as a fundamental
unit encoding the information necessary to generate proteins. The central dogma of molecular
biology posits that this DNA is transcribed into RNA that is then translated into a protein (Crick,
1970). It stands to reason that regulation of transcription levels would be essential to an
organism’s ability to develop, maintain homeostasis, and respond to diverse environmental cues
and stressors. Indeed, study after study has demonstrated how proper gene expression is
essential in providing a means for adaptive growth and survival.
When an organism is minimally complex, efficient regulation of transcription may be
sufficient to provide dynamic gene expression, as in the many operons found in prokaryotes
(Osbourn and Field, 2009). However, as the genetic and morphological complexity of an
organism increases, so too does complexity within organism’s transcriptome (Marquez et al.,
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2012). More complex transcriptomes necessitate increasingly intricate regulatory networks in
order to realize specialized and responsive transcriptome states. Eukaryotes all contain a myriad
of regulatory networks that use an equally diverse set of mechanisms to control the fate of
messenger RNA (mRNA) during or after transcription (Ard et al., 2017; Berretta and Morillon,
2009; Chen and Shyu, 2017; Dombeck et al., 2009; Gehring et al., 2017; Leppek et al., 2018;
Zhao et al., 2017a).
In many cases, co- and post-transcriptional regulation occurs when one or more transacting regulatory factors interact with a specific target mRNA or class of mRNAs, resulting in a
regulatory consequence (Gehring et al., 2017; Kramer et al., 2018). In order for trans-acting
factors to be able to recognize and bind the appropriate target, they must be able to identify cisregulatory elements located within the mRNA (Chen and Shyu, 2017; Leppek et al., 2018; Zhao
et al., 2017a). In many cases, this cis-regulatory element is a specific sequence composed of the
four nucleotides found within RNA: Adenine (A), Cytosine(C), Guanine(G), and Uracil(U) (Castle
et al., 2008; Grillo et al., 2010). These four nucleotides represent the bulk of the information
encoded by the primary sequence of an mRNA. Each ribonucleotide, however may also be
modified in dozens of different ways that consequently greatly expands the information content
that may be contained within a relatively small region of RNA (Machnicka et al., 2013a). As a
result, these covalently modified ribonucleotides may greatly increase the level of regulatory
complexity capable of being contained within a transcript (Zhao et al., 2017a).
Only recently, however, has regulatory importance been attributed to many of these
chemically modified mRNA ribonucleotides. In the majority of cases, it is still unclear how
prevalent these modifications are, or what functions they might serve. One modification in
particular, N6-methyladenosine (m6A), is of particular interest, as it is the most prevalent internal
modification found within eukaryotic mRNAs (Luo et al., 2014; Shen et al., 2016a; Wang et al.,
2014a). m6A can influence interaction with trans-regulatory factors such as RBPs (Hsu et al.,
2017; Ivanova et al., 2017; Liu et al., 2015a, 2017a; Wei et al., 2018b; Xiao et al., 2016) and
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microRNAs (Geula et al., 2015) as well as influence local secondary structure of RNA (Liu et al.,
2015a, 2017a), and thus is poised as a powerful regulator of eukaryotic transcriptomes. m6A is
known to influence transcript stability (Wang et al., 2014a; Wei et al., 2018b), splicing (Roundtree
et al., 2017a; Xiao et al., 2016), translation (Li et al., 2017; Meyer et al., 2015; Wang et al., 2015),
localization (Anders et al., 2018; Zheng et al., 2013), and other post-transcriptional regulatory
processes, often through direct interaction with RBPs that specifically recognize and bind m6A
(Meyer and Jaffrey, 2017), sometimes through indirect interactions with RBPs (Liu et al., 2015a,
2017a), and sometimes through an unknown mechanism (Shen et al., 2016a; Visvanathan et al.,
2018). Identifying the contexts in which m6A regulates transcript fate and how it accomplishes this
regulation is undoubtedly an important area of continued focus for elucidating the many posttranscriptional regulatory networks in eukaryotes.

1.2 COVALENTLY MODIFIED RIBONUCLEOTIDES

1.2.1 WHAT ARE COVALENT MODIFICATIONS?
Ribonucleotides are often modified through the covalent addition of chemical moieties
during or after transcription. These modifications, in some cases, serve to ensure proper
regulation and function of RNA post-transcriptionally. To date, over 100 covalent RNA
modifications have been characterized (Machnicka et al., 2013a), but relatively little is known
about the abundance, localization, and function of most of these modifications.
Non-coding RNA is often heavily covalently modified to ensure proper functionality of
these molecules (Sloan et al., 2016; Tuorto et al., 2012). In many cases, these modifications are
proposed to be essential for ensuring RNA molecules adopt their proper structural confirmation
(Sloan et al., 2016) and enhance RNA stability (Tuorto et al., 2012). While RNA is synthesized as
a single-stranded and linear product, intramolecular interactions result in the formation of
secondary-structure. Secondary-structure is a product of RNA base-pairing, this pairing causes
the molecule to fold up leading to single- and double-stranded regions. This base-pairing can be
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influenced by the introduction of covalent modifications to the primary sequence of an RNA
(Roost et al., 2015). In many cases, a modification introduced to or near the Watson-Crick edge
of ribonucleotides will locally inhibit base-pairing (Roost et al., 2015; Squires et al., 2012). For
example, ensuring the proper structural conformation is imperative for transfer RNAs (tRNAs) and
ribosomal RNAs (rRNAs), as these ‘functional RNAs’ may only work efficiently when the proper
secondary structure is achieved (Sloan et al., 2016; Tuorto et al., 2012). All tRNAs and rRNAs
contain several constitutively modified nucleotides (Machnicka et al., 2013a) that facilitate
formation of proper secondary structure required by these molecules for function.
In other cases, covalent modifications of RNA serve to regulate the stability of transcripts
(Sloan et al., 2016; Sumita et al., 2005). Perhaps the best-known and best-studied example of a
modification that regulates RNA stability is the m7G 5’ cap that is added to the 5’ ends of mRNAs.
This m7G cap is the most abundant known mRNA modification and prevents the premature
degradation of transcripts from processive 5’ to 3’ exoribonucleases (Filipowicz, 1978). This
stability conferred by the 5’ cap exemplified the role of covalent RNA modifications in altering
RNA-protein interactions.

1.2.2 M6A: AN ABUNDANT AND ESSENTIAL INTERNAL MRNA MODIFICATION
m6A is a covalent modification where a methyl group is added to the 6th Nitrogen position
of adenine. m6A can be found in an extraordinarily phylogenetically diverse swathe of life, ranging
from viruses to bacteria to yeast to mammals (Meyer and Jaffrey, 2017). In multicellular
eukaryotes, m6A is the most prevalent non-cap mRNA modification (Roundtree et al., 2017b). In
plants and mammals, where this dissertation will primarily focus as it is where m6A has been
most closely studied, it is estimated that over 75% of transcripts contain at least one modification
site (Luo et al., 2014). m6A also occurs nearly exclusively in an RRACH sequence context (where
R=A/G, A is the modified m6A site, and H=A/C/U) (Liu et al., 2013c; Luo et al., 2014). It is
estimated in some multicellular eukaryotes, m6A makes up 0.1% of all adenosines in mRNAs
(Luo et al., 2014).
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How an adenosine is selected for m6A modification, however, remains largely enigmatic.
The RRACH nucleotide sequence occurs across the transcriptome far more frequently than m6A
itself does (Liu et al., 2013c). Despite this current gap in knowledge, m6A localization along the
transcriptome is relatively consistent within eukaryotes. m6A within yeast, flies, plants, and
mammals all primarily localizes towards the 3’ end of transcripts.(Haussmann et al., 2016; Liu et
al., 2013c; Luo et al., 2014; Schwartz et al., 2013). m6A is primarily found in the last exon of a
transcript (Ke et al., 2015), often around the stop codon or throughout the 3’ untranslated region
(3’ UTR) of an mRNA. m6A sites are well conserved even across evolutionary divergent species.
In human embryonic stem cells nearly 70% of m6A modified transcripts are also modified in
homologous mouse genes (Batista et al., 2014). The functional importance of m6A is made
evident through studies that show high levels of conservation of m6A among Arabidopsis
ecotypes (Luo et al., 2014). A survey of geographically distinct ecotypes revealed that the
majority of m6A is conserved between these different ecotypes. However, when differences in
m6A methylation occurred between these two genotypes it was associated with significant
changes in gene abundance (Luo et al., 2014), suggesting a link between maintenance of m6A
sites and regulation of gene expression.
Despite many advancements in our knowledge regarding where within the transcriptome
m6A localizes, many questions remain about what role this modification may play in different
organismal, developmental, and tissue specific contexts. We are now starting to understand
many of the regulatory factors that interact with m6A in many different organisms, but how these
factors accomplish their regulation and when this regulation occurs is still very much an open
question we begin to address in this work.

1.2.3 M6A AND RBPS; WRITERS, READERS, AND ERASERS
m6A modification is a dynamic and reversible process, where m6A can be added and
removed in an organism as needed by writer and eraser proteins, respectively. An active area of
research regarding post-transcriptional gene regulation is how m6A sites are modified, and how
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those modifications influence transcript fates. The general life cycle of an m6A modification is
governed by three general cohorts of RBPs: RBPs that deposit m6A onto a transcript (“writers”),
RBPs that remove m6A from a transcript (“erasers”), and RBPs that bind and interact with m6A
directly (“readers”) to perform some regulatory function (Figure 1.1).

1.3 M6A WRITERS
For the purpose of simplicity this section was written using the plant names of all of the
following proteins when homologs of these proteins are found in both plants and mammals. Due
to the high amount of evolutionary conservation and overlap in observed function, it is presumed
that the core function of many of these proteins are conserved throughout multicellular
eukaryotes.

1.3.1 METTL3 and METTL14
Adenosine is methylated and becomes m6A when a multi-protein complex composed of
m6A writers use S-adenosylmethionine as a substrate to add this covalent modification (Fustin et
al., 2013). The list of RBPs known to regulate eukaryotic writer activity is constantly expanding.
There is a consistent core of the writer complex across eukaryotes consisting of a heterodimer of
two closely related methyltransferase proteins METTL3 and METTL14 (Liu et al., 2014). METTL3
and METTL14 both contain methyltransferase domains, but phylogenetic studies predicted, and
structural studies of the catalytic cores of these proteins later confirmed that METTL14 was
catalytically inactive and that solely the METTL3 binds S-adenosylmethionine and performs
adenine methylation (Iyer et al., 2016). Despite its catalytic inactivity, METTL14 is a crucial
component of the m6A methyltransferase complex. In eukaryotes, the subclades containing
METTL3 and METTL14 heterodimerize in a 1:1 ratio, where METTL14 stabilizes the METTL3
conformation and facilitates RNA-recognition and binding (Wang et al., 2016), thereby improving
catalytic activity.
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1.3.2 WILM’S TUMOR ASSOCIATED PROTEIN
Wilm’s Tumor Associated Protein (WTAP) is a member of the core m6A
methyltransferase complex that was first identified in Arabidopsis (Zhong et al., 2008). WTAP
does not itself contain any m6A catalysis domains. However, WTAP binds to and improves
catalytic activity for the METTL3/METTL14 heterodimer (Wang et al., 2016). Genetic and m6A
sequencing studies in both plants and mammals have demonstrated that an absence of WTAP
leads to embryonic lethality, and a multiple fold-change reduction in transcriptome-wide m6A
levels (Bodi et al., 2012a; Geula et al., 2015), respectively. WTAP localizes to the nucleus and is
necessary to ensure METTL3/METTL14 localization within nuclear speckles where m6A
deposition is thought to frequently occur (Ping et al., 2014; Růžička et al., 2017). WTAP is also
known to serve as a scaffold for other m6A writer proteins (Ping et al., 2014; Růžička et al., 2017).

Figure 1.1 A diagram of a ribosome associated transcript with the typical 5’ m7G cap that
contains an m6Am and m6A along with various writer (pencil tips), reader (magnifying glasses)
and eraser proteins (pink erasers). Protein-protein interactions are denoted by black dotted lines,
RNA-protein interactions are denoted by red dotted lines. All proteins interact directly with m6A
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except for the three bottom reader proteins which are indirect reader proteins. Color of the protein
name denotes the protein localization pattern as either primarily nuclear (blue), primarily
cytoplasmic (orange), or both (brown).
1.3.3 OTHER WRITER PROTEINS
While the homologues of METTL3, METTL14, and WTAP are all highly conserved and
seem to share redundant functions between plants and mammals, other proteins are known to be
important for generating proper levels of m6A modification across the transcriptome. However,
the functional importance or how similar these proteins operate among different eukaryotes
remain less clear.
VIRILIZER is an m6A writer protein that was first characterized in Drosophila (Lence et
al., 2016), and multiple studies have demonstrated an interaction between VIRILIZER and WTAP
in mammals and plants (Růžička et al., 2017; Schwartz et al., 2014). m6A immunoprecipitation
sequencing (m6A-seq) experiments in these systems have further demonstrated that VIRILIZER
deficiency results in broad reduction in overall m6A levels. However, the functional importance of
this protein or role VIRILIZER may play in m6A methylation remains unclear.
HAKAI is a known E3 ubiquitin ligase, and has recently been demonstrated to be a
component in the Arabidopsis m6A writer complex (Růžička et al., 2017). Unlike other m6A writer
complex components, deficiency in HAKAI does not lead to embryonic lethality, and only results
in modest phenotypic aberrations. Nevertheless, HAKAI is required for proper m6A levels across
the transcriptome as HAKAI deficient plants exhibited ~33% reduction in m6A levels (Růžička et
al., 2017). The lack of obvious developmental phenotypes may suggest that HAKAI regulates
certain m6A sites that may be important for regulation of non-developmental programs. HAKAI is
highly conserved between plants and mammals (Růžička et al., 2017), suggesting HAKAI may be
an important component of the m6A methyltransferase component in more than just the plant
kingdom.
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1.3.4 DOES WHAT WE KNOW ABOUT WRITERS ELUCIDATE SELECTION OF M6A SITES?
It remains quite unclear how and when any given site within the transcriptome is chosen
for methylation. There is, however, common agreement that specificity for which sites to modify
must lie in part within the writer proteins themselves. An open question remains regarding how
differential m6A modification in different tissue types or spatiotemporal contexts is possible.
Modulation of these writer protein complexes could in part explain how some m6A modifications
are turned on or off in a context dependent manner. For example, evidence in mammals
demonstrates at least 2 different isoforms of METTL3 are spliced and expressed in mammals
(Bateman et al., 2017), which may be sufficient to supply some amount of variation in RNAprotein interactions necessary for different m6A methylation site choice.
Another possible mechanism for dictating expression of differential modifications may
come from the ability to vary the writer complex protein composition in a context-dependent
manner. Several CLIP experiments of different writer proteins all resulted in extremely high
overlap between CLIP binding sites and m6A peaks (Liu et al., 2014; Ping et al., 2014). Different
cohorts of m6A peaks were often apparent, however, for different writers. Furthermore, knockouts
of various writer proteins in mammals, and to a lesser extent plants, demonstrate varying degrees
of substantial, but not complete abrogation of m6A peaks (Bodi et al., 2012a; Ping et al., 2014;
Shen et al., 2016a).
While this evidence may suggest that different combinations of different writer proteins
may be the key to differential m6A site choice, a great deal of work must still be done to determine
whether this is in fact the case, and if so, how are these decisions regulated. Is it through posttranslational protein modifications, alternative splicing, some yet unknown regulatory mechanism,
or is this phenomenon exaggerated because of a lack of sufficient and consistent transcriptomewide experimental depth between various writer protein studies?
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In plants, m6A writers have been studied in two rather limited contexts. Studies have
been performed at the whole organismal level and have largely characterized phenotypic
changes in the post-embryonic absence of various m6A writers. Other studies have looked more
at tissue specific and molecular effects of m6A writer deficiency but have been performed
exclusively in undifferentiated tissues such as embryonic tissue or stem cells found in the shoot
apical meristem (SAM). This means there is a current gap in our comprehension for how m6A
writers influence the transcriptome in mature tissue. This gap in our knowledge led to much of the
work investigated in this dissertation, where we tried to find specific molecular mechanisms that
may be employed to maintain and regulate the transcriptome in somatic tissue in plants.

1.4 M6A DEMETHYLASES
While m6A seems to predominantly be added directly to transcripts during or soon after
transcription, there is a substantial amount of evidence that this modification is a dynamic and
reversible process. This modification is able to be removed in the presence of ‘eraser’ proteins
which are also conserved throughout plants and mammals (Martínez-Pérez et al., 2017). Eraser
proteins are derived from the DNA repair enzymes, and in mammals there are two proteins
known to have m6A demethylase activity: FTO and ALKBH5. The relative functionality and
importance of these proteins in erasing m6A on mRNAs is an active topic of debate, as there are
questions about the relative catalytic efficiency and localization patterns of these demethylases.
In plants, there has been an expansion of the number of m6A demethylases (Martínez-Pérez et
al., 2017), which suggests potentially higher order levels of regulation than what may be
accessible to mammals.

1.4.1 MAMMALIAN FTO
FTO (fat mass and obesity-associated protein) was first characterized as an mRNA m6A
demethylase in 2011, where it was shown to localize to nuclear speckles in HeLa and HEK293T
cells (Visvanathan et al., 2018). Phylogenetic studies have demonstrated that FTO is only found
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in vertebrates and marine algae (Robbens et al., 2008). Recent studies demonstrated that while
FTO did indeed have modest m6A demethylation activity, the preferred and primary substrate was
a similar but distinct modification N6-2’-O-dimethyladenosine (m6Am) that occurs in the first
nucleotide of many mRNAs (Mauer et al., 2017). In vitro this study demonstrated a ~100 fold
increase in demethylation of m6Am over m6A by FTO. Mauer et al further demonstrate that this
m6Am demethylation reduces mRNA stability by increasing the rate of mRNA decapping. In a
follow up study Mauer et al further demonstrated that FTO decaps m6Am in snRNA, thereby
influencing splicing (Mauer et al., 2018).
These results, however, conflict with other recent reports wherein Bartosovic et al
performed a CLIP experiment that demonstrated FTO preferentially localizes to m6A occurring
within introns. They further demonstrated that depletion of FTO resulted in an increase in local
exon skipping events near the 3’ end of transcripts and suggest that this association of FTO with
m6A results in a removal of this modification promoting proper exon inclusion (Bartosovic et al.,
2017).
Another study by Wei et al corroborated the previous findings that demonstrated m6Am
demethylation is a far more efficient substrate for FTO compared to m6A in vitro. However, they
demonstrated these results did not necessarily translate in vivo, where experiments showed FTO
deficient cells demonstrated a substantial increase in both m6A and m6Am in a variety of cell
types (Wei et al., 2018a). In the absence of FTO, quantification of m6A for 3 cancer cell types
showed increases between 8% and 22%, whereas m6Am increased between 12% and 30%. This
study suggested two explanations for the discrepancies found between in vitro and in vivo
experiments: relative abundance differences between these modifications and subcellular
localization of demethylase activity. Experiments demonstrated that m6Am is over 6-fold less
abundant throughout the transcriptome relative to m6A, and they further demonstrated the
process of m6Am demethylation occurs specifically in the cytoplasm, whereas m6A demethylation
occurs in both the nucleus and cytoplasm. Wei et al also observed snRNA m6Am demethylation
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activity similar to what was reported by Mauer et al and further showed FTO is important for the
removal of m1A from transfer RNAs (tRNAs).

1.4.2 MAMMALIAN ALKBH5
ALKBH5 is another m6A eraser protein that was first characterized in the context of
mouse spermatogenesis. ALKBH5, like FTO is a member of the ALKB DNA repair protein family,
but unlike FTO is more phylogenetically diverse, as orthologs appear in plants (Fedeles et al.,
2015; Martínez-Pérez et al., 2017). When compared to FTO, the importance and role of ALKBH5
is less clear in mammals. It appears to localize exclusively within the nucleus, where mouse
studies have shown ALKBH5 knockouts demonstrate a modest but significant increase in total
m6A levels during spermatogenesis (Zheng et al., 2013). These increased m6A levels within
sperm were linked to transcript stabilization and general shortening of transcript length by
increasing levels of splicing. Questions remain as to the overall importance of ALKBH5 in
controlling RNA metabolism under conditions unrelated to gametogenesis, however. ALKBH5
deficient mice, other than having reduced fertility generally do not have other obvious phenotypic
consequences of this deficiency (Zheng et al., 2013), and furthermore the exclusive nuclear
localization of ALKBH5 begs the question of how useful it would be in regulation of the
transcriptome given its apparently modest catalytic activity/efficiency and inability to influence the
methylation status of cytoplasmic mRNA.
Stronger evidence for the general importance of ALKBH5 has perhaps been shown in
glioblastoma cancer studies. A 2016 study by Zhang et al demonstrated that ALKBH5 mRNA and
protein levels increase specifically under hypoxic conditions in various tumor cells. This study
demonstrated increased ALKBH5 resulted in decreased m6A deposition on the pluripotency factor
NANOG that corresponded with increased transcript stability (Zhang et al., 2016a). A follow up to
this study further demonstrated that upregulation of ALKBH5 resulted in the demethylation and
stabilization of the pluripotency factor KLF4 as well as a transcription factor regulating
pluripotency: ZNF217, which ultimately led to the stabilization of these transcripts (Zhang et al.,
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2016b). ZNF217 was also shown to have an inhibitory effect on METTL13, thereby aberrantly
stabilizing a wide range of downstream targets (Zhang et al., 2016b). A similar study in 2017
showed ALKBH5 is upregulated under hypoxia and this decreases methylation and increases the
stability of another pluripotency factor FOXM is also important for decreasing stability of FOXM
and inhibiting tumorigenesis (Zhang et al., 2017a).
An interesting structural interrogation of the ALKBH5 protein demonstrates ALKBH5 has
a greatly increased binding affinity for m6A in single-stranded RNA (Xu et al., 2014a). This finding
potentially implicates a mechanism for ALKBH5 specificity and an additional level of regulation,
wherein ALKBH5 may only influence a subset of m6A when found in the correct structural context.
However, m6A is known to generally induce single-stranded RNA through steric inhibition of base
pairing (Liu et al., 2015a; Roost et al., 2015), so the level to which this adds ALKBH5 specificity
largely depends on the proportion of m6A that lies in double-stranded regions, a proportion that
currently remains unclear.

1.4.3 M6A ERASERS IN PLANTS
As mentioned previously, only ALKBH5 homologs are found outside vertebrates and
marine algae. However, plants have seen an expansion in ALKBH5 homologues within their
genome, as five mammalian ALKHB5 homologues have been reported (Martínez-Pérez et al.,
2017). m6A erasers in plants function in several important regulatory processes, including
response to viral infection. Many viral transcriptomes contain m6A at some point throughout their
life cycle, and presence of m6A in the viral transcriptome appears important to successful viral life
cycles (Brocard et al., 2017). AtALKBH9B, was shown to be crucial for moderating the
proliferation of alfalfa mosaic virus (AMV) (Brocard et al., 2017). In fact, AtALKBH9B interacts
with the AMV coat protein and demethylates viral RNA in vitro. Furthermore, AtALKBH9B protein
levels are anti-correlated with viral m6A levels, demonstrating a likely in vivo demethylation
function for this protein. Finally, plants deficient in AtALKBH9B accumulated much higher levels
of AMV RNA compared to wild-type (Brocard et al., 2017). Taken together, these results revealed
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that RBPs regulating the levels of m6A are essential for not only proper regulation of endogenous
plant RNA, but also for providing immune responsiveness that can moderate viral RNA levels
through an as of yet unclear mechanism.
Recently, an additional m6A demethylase was characterized. Specifically, ALKBH10B
(Figure 1.2) was found to regulate several aspects of Arabidopsis development by regulating
transcript stability (Duan et al., 2017a). Similar to AtALKBH9B, ALKBH10B levels are anticorrelated with m6A abundance, and plants deficient in this protein demonstrate a significant
delay in flowering time, whereas overexpression of ALKBH10B resulted in early flowering. This
stability change appears to be accomplished in part through the direct binding of ALKBH10B to
FLOWERING LOCUS T (FT) and SQUAMOUSA PROMOTER BINDING LIKE 3 and 7 (SPL3,
SPL7) transcripts. The subsequent demethylation of these transcripts results in increased
stability, leading to earlier flowering time. ALKBH10B deficiency was also shown to globally
increase m6A levels across the Arabidopsis transcriptome (Duan et al., 2017a).

1.5 M6A READER PROTEINS
Finally, there are RBPs that recognize m6A modifications and bind these regions to
accomplish a variety of post-transcriptional RNA fates. Some of these ‘reader’ proteins have an
affinity for the m6A moiety itself and directly bind this modification, whereas other RBPs known as
‘indirect readers’ bind RNA near where m6A has been deposited. In many cases these reader
proteins ultimately direct the functional output of m6A in influencing transcript fate. The best
characterization of these RBPs has been accomplished in mammals. Recent traction, however, is
starting to be achieved in plants.
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1.5.1 MAMMALIAN YTH PROTEINS
The first proteins recognized to be m6A readers were those containing a YT521-B
Homology (YTH) domain. Five of these proteins were identified in mammals, YTH domain
containing (YTHDC) 1 and 2, YTH domain family (YTHDF 1-3) (Scutenaire et al., 2018). The
YTHDF group of proteins consists of three extremely similar paralogs, yet different YTHDF
proteins can perform distinct functions. Structural work performed on YTHDC1 demonstrated the
YTH domain contained a hydrophobic core that accommodated the methyl-group in m6A and
further that YTHDC1 demonstrated a sequence preference of GG(m6A)C, consistent with m6A’s
preferred sequence context of RRACH, thereby demonstrating the importance of the sequence
context of m6A in governing RNA-YTH domain interactions (Xu et al., 2014b, 2015). YTHDC1 is
known to localize primarily within the nucleus (Nayler et al., 2000), whereas YTHDF1, YTHDF2,
YTHDF3, and YTHDC2 are primarily cytoplasmic.
Consistent with its nuclear localization, YTHDC1 has been shown to regulate alternative
splicing by promoting SRSF3 binding and exon inclusion in HEK293T cells. YTHDC1 is
necessary for proper localization of mRNA to nuclear speckles and was shown to directly
compete with another splicing factor that promotes exon skipping: SRSF10 (Xiao et al., 2016).
YTHDC1 was also shown to be important for nuclear export of m6A modified mRNA, as crosslinking and immunoprecipitation (CLIP) experiments identified binding targets of YTHDC1
accumulated in the nucleus while simultaneously being depleted in the cytoplasm when YTHDC1
expression was diminished. Nuclear export of these m6A transcripts is mediated by the
recruitment of SRSF3 by YTHDC1, as this study demonstrated only transcripts that were targets
of both SRSF3 and YTHDC1 were enriched in the nucleus when YTHDC1 expression was
abrogated (Roundtree et al., 2017a).
YTHDC2 is a primarily cytoplasmic m6A reader protein that is also known to be an RNA
helicase. Studies in mouse spermatogenesis demonstrate that YTHDC2 is necessary for proper
gamete development (Hsu et al., 2017) and progression through meiosis (Bailey et al., 2017;
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Wojtas et al., 2017). YTHDC2 interactions with the 5’ -> 3’ exoribonuclease XRN1 (Kretschmer et
al., 2018; Wojtas et al., 2017) and also binds to rRNA in the small ribosomal subunit. Although
rRNA contains m6A, the interaction of YTHDC2 with the ribosome was shown to be m6A
independent (Kretschmer et al., 2018). These interactions may help explain results from another
study demonstrating that YTHDC2 interactions promote translation and destabilizes transcripts
during spermatogenesis (Lin et al., 2017; Xu et al., 2017). The promotion of mRNA translation
and destabilization may suggest a mechanism for tight regulation of transcripts necessary for cell
differentiation programs that require timely transient expression of specific proteins for
progression to the next stage in differentiation.
Several questions remained after the discovery that YTHDC2 was an important factor in
proper spermatogenesis. Is there an analogous requirement for m6A readers in female
gametogenesis? Furthermore, is the other YTHDC reader protein, YTHDC1, an important factor
in gametogenesis? Another gap in knowledge stemmed from the fact that while the
spermatogenesis study demonstrated YTHDC2 was pivotal for proper gamete formation, it did not
sufficiently demonstrate that this was due to the interaction of YTHDC2 with m6A. In this work, we
attempt to fill in these gaps through investigation of the importance of YTHDC1 as an m6A reader
throughout oocyte development.
YTHDF1 is known to promote mammalian translation. YTHDF1 binds m6A and interacts
with translation machinery, namely EUKARYOTIC INITIATION FACTOR 3 (EIF3), to promote
cap-dependent translation (Wang et al., 2015). Translatome experiments in YTHDF1 deficient
cells also demonstrated that in the absence of YTHDF1, transcripts with either a known m6A or
YTHDF1 binding site were, on average, significantly more ribosome associated and,
consequently, translated (Wang et al., 2015). Further analysis of transcripts with YTHDF1 PARCLIP sites demonstrated in the absence of m6A, translation efficiency was significantly lower
compared to when m6A was present (Wang et al., 2015). Despite its similarity to YTHDF2, this
mechanism appears to be unique to YTHDF1 (Wang et al., 2015).
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YTHDF2 is a cytoplasmically-localized protein that regulates transcript stability in an m6A
dependent manner (Wang et al., 2014a). Similar to many of the other m6A readers, YTHDF2, is
an important regulator of germline development. Oocyte maturation studies have shown that
proper development cannot occur in the absence of YTHDF2 and that YTHDF2 deficiency is
associated with misregulation of RNA metabolism (Ivanova et al., 2017). In this oocyte study, as
well as experiments performed in HEK293T cells, mRNA targets of YTHDF2 exhibit increased
stability in the absence of this RBP (Du et al., 2016; Ivanova et al., 2017).
This YTHDF2-mediated destabilization of transcripts in the HEK293T experiments was
shown to be due to the recruitment of the CCR4-NOT deadenylase complex which subsequently
degrades the polyA tail, destabilizing the transcripts (Du et al., 2016). Likewise, cancer cells
lacking YTHDF2 demonstrated upregulation of SOCS2 expression, potentially due to increased
stability in the absence of YTHDF2 binding (Chen et al., 2018). In mouse neurons, however,
reports suggest YTHDF2 destabilizes transcripts through recruitment of the FRAGILE-X MENTAL
RETARDATION PROTEIN, indicating that the regulation of transcript stability may be heavily
dependent on context (Zhang et al., 2018).
YTHDF3 has been shown to be important for both RNA degradation (Shi et al., 2017) and
translation (Li et al., 2017; Shi et al., 2017). PAR-CLIP experiments demonstrate a high amount
of overlap between YTHDF1, 2, and 3, and co-IP experiments show that these three YTH
proteins all interact (Shi et al., 2017). Evidence demonstrates YTHDF3 may be the first reader
protein to bind a cytoplasmic transcript where models suggest it can then enhance the transcript’s
interaction with YTHDF1 and therefore translation of the transcript. In the absence of YTHDF3,
YTHDF1-bound transcripts are less well translated (Shi et al., 2017). However, the possibility
remains that YTHDF3 is not facilitating YTHDF1 and 2 binding, but it may perform redundant
functions and facilitate translation on its own. Further experiments are required to determine
whether YTHDF3 functions independently or in concert with YTHDF1 and 2.
1.5.2 YTH PROTEINS IN PLANTS
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While great strides have been made in characterizing the YTH m6A reader proteins in
mammals, less is well known about this protein family in plants. In Arabidopsis, a substantial
expansion in the proteins containing a YTH domain has occurred. In fact, 13 proteins contain a
YTH domain, consisting of two YTHDC1 homologues and 11 members in the YTHDF clade
(Arribas-Hernández et al., 2018; Scutenaire et al., 2018). Despite the large number of potential
m6A readers in plants, only three have been studied in the context of m6A to date:
EVOLUTIONARILY CONSERVED C-TERMINAL REGION 2, 3, and 4 (ECT2, ECT3, ECT4).
ECT2-4 are members of the YTHDF clade of m6A readers; ECT2 and 3 are the most highly and
widely expressed of the putative m6A reader proteins in Arabidopsis (Arribas-Hernández et al.,
2018).
ECT2 is ubiquitously expressed throughout various organs and developmental timepoints
in Arabidopsis, with the highest level of expression observed in seeds (Scutenaire et al., 2018)
and other rapidly developing tissues (Arribas-Hernández et al., 2018; Wei et al., 2018b). The
localization pattern of ECT2 remains unclear as ECT2 localization findings differ between studies.
Specifically, two studies concluded ECT2 is largely cytoplasmic (Arribas-Hernández et al., 2018;
Scutenaire et al., 2018), whereas a different study reports ECT2 localizes to both the cytoplasm
and nucleus (Wei et al., 2018b).
In plants deficient in ECT2, aberrant trichome morphology was observed, with nearly
50% of trichomes from ECT2 deficient plants exhibiting 4 or more branches (Scutenaire et al.,
2018; Wei et al., 2018b). Trichomes with these higher levels of branching exhibited evidence of
higher ploidy levels (Scutenaire et al., 2018), indicating that excessive branching was a result of
excessive endoreduplication. Similar trichome morphology was observed in plants deficient in
m6A writer proteins (Bodi et al., 2012a), and ECT2 binding to m6A was demonstrated to be
necessary for proper trichome morphology through mutations in the m6A binding domain
(Scutenaire et al., 2018). Furthermore, ECT2 under heat stress conditions localized primarily to
stress granules, demonstrating that ECT2 and its interaction with m6A is likely important for both

18

development and stress response (Scutenaire et al., 2018). In contrast to most reports involving
YTH proteins in mammals, ECT2 has a stabilizing effect on transcripts (Wei et al., 2018b).
ECT3 works in concert with ECT2 and ECT4 to control developmental programs.
Specifically, while plants deficient in one of the ECT2-4 proteins showed no visible defect with
leaf formation, ect2/ect3 double mutants exhibited delayed leaf formation and ect2/ect3/ect4 triple
mutants exaggerated this delay. All three of these proteins demonstrated high localization to sites
of leaf formation (Arribas-Hernández et al., 2018). Furthermore, ect2/ect3 double and
ect2/ect3/ect4 triple mutants exhibited a significantly reduced leaf size and number relative to
wild-type plants 27 days after germination. Importantly, these morphology changes were
observed when the m6A binding domain in these proteins was mutated to prevent m6A
interaction, demonstrating that these developmental programs are a result of m6A recognition and
binding (Arribas-Hernández et al., 2018).

1.5.3 EIF3 AS AN M6A READER
While the YTH domain proteins are classical m6A reader proteins with the bestcharacterized interaction with m6A, other readers exist. EIF3 also directly interacts with m6A to
promote translation in addition to being able to interact with YTHDF1. Typically, translation of a
protein occurs when a multi-protein complex binds the 5’ m7G cap recruits EIF3 which facilitates
the localization of a ribosome to the beginning of a transcript, thereby allowing translation (Meyer
et al., 2015). Alternatively, translation initiation can occur in a cap-independent manner through
the recognition of m6A by EIF3 and consequent recruitment of the ribosome to transcripts (Meyer
et al., 2015). In vitro experiments demonstrated that m6A localized sufficiently toward the 5’ end
of transcripts promote translation even in the absence of an m7G cap or cap binding factors
(Meyer et al., 2015).
Follow-up in vivo experiments showed evidence for this m6A-mediated translation of
Heat-shock protein 70 (HSP70), a transcript that has increased deposition of 5’ UTR m6A and
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cap-independent translation during heat shock (Lindquist and Craig, 1988). When mouse
embryonic fibroblasts were exposed to heat shock, cells overexpressing FTO had less m6A and
FTO deficient cells contained higher m6A levels, which corresponded to lower and higher
translation levels, respectively (Meyer et al., 2015). There is evidence that this mechanism is a
feature that may broadly function during stress, as cells during UV or heat shock direct a global
redistribution of m6A localization away from the typical 3’ localization pattern and towards the 5’
UTR of transcripts encoding proteins required for proper response to their respective stressors
(Meyer et al., 2015). Notably, this phenomenon was not observed during other stress treatments,
suggesting this is not a general stress response but rather an adaptation to specific stressors.

1.5.4 INDIRECT M6A READERS
In addition to the RBPs that are able to directly recognize and bind m6A itself, other
reader proteins exist that are able to indirectly recognize m6A and bind transcripts containing this
modification. Two of these indirect m6A readers have been characterized to date
HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEIN C and G (HNRNPC, HNRNPG). The
m6A sensing mechanism of these RBPs, interestingly, revolves around the ability of m6A to
influence the local secondary structure of the hnRNP binding sites (Liu et al., 2015a, 2017a). m6A
inhibits the formation of secondary structure despite not occurring on the Watson-Crick edge of
adenine because the added methyl sterically impairs base-pairing. In a double-stranded context,
measurements demonstrate that m6A destabilizes intramolecular interactions between 0.5-1.7
kcal/mol (Roost et al., 2015). This indicates that many regions of RNA that might ordinarily be
double-stranded may be converted to single-stranded RNA (ssRNA) in the presence of this
modification.
In the case of HNRNPC, a poly(U) stretch is required for RNA-binding. HNRNPC binds
and recognizes the Watson-Crick edges of uridines in U-rich regions (Cieniková et al., 2014). As
a result, HNRNPC can only bind its substrate when these U-rich regions are accessible in the
single stranded conformation. Consequently, in the absence of m6A, some loci containing U-rich

20

regions have high levels of secondary structure. When these regions are methylated, however,
this secondary structure is alleviated and the U-rich HNRNPC binding site becomes accessible
and bound by its cognate RBP (Liu et al., 2015a) (Figure 1.2). It is estimated that ~7% of the
HNRNPC binding sites in human cells are located within m6A-regulated structure switches, the
majority of which are localized within introns. It was observed that when HNRNPC or components
of the m6A writer complex were knocked down, overall RNA abundance and splicing defects were
observed throughout transcripts containing these m6A-regulated structure switch sites. A similar
mechanism has been shown to occur in the case of HNRNPG, which contains a different binding
motif (Liu et al., 2017b) (Figure 1.2).

Figure 1.2 Schematic for how some indirect m6A readers are known to function. On the left, no
m6A is present and high levels of RNA secondary structure are present. This RNA secondary
structure occludes the indirect reader binding site (red portion of line) and no binding occurs.
Conversely, when m6A is present, the binding site is free to be recognized and bound by these
indirect readers because m6A inhibits the base pairing freeing the cognate recognition site to be
bound by the RBP. This is termed a ‘structure switch’ as these states can be transitioned into and
out of through m6A writers and m6A erasers.
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Another recently characterized RNA binding protein that has been suggested to be an
indirect m6A reader protein is HUMAN ANTIGEN R (HuR). Experiments demonstrated that in
Glioma cancer cells, cells that are a model for metastatic cancer, METTL3 was necessary for the
localization of HuR to SOX2. This HuR binding resulted in the aberrant stabilization of the SOX2
transcript, which correlates with cancer cell proliferation. This phenomenon was shown to occur
more generally across transcripts containing both m6A and HuR binding sites, but not in
transcripts that only contained m6A alone (Visvanathan et al., 2018). While intriguing, further
experiments and validation are required to confirm HuR as a true indirect reader of m6A and if so,
how is this reading accomplished.

1.5.5 M6A ANTI-READERS
In addition to RBPs that exhibit enhanced binding in the presence of m6A, there are a
predicted class of RBPs that show decreased binding when transcripts are modified or ‘antireaders’. The only examples of anti-readers to date have been shown in in vitro experiments
using hPUF2, a known single-stranded RNA-binding protein. hPUF2 was shown to bind m6A
modified oligos with between ~2.5- and 30-fold less affinity depending on many modified sites the
oligo contained (Vaidyanathan et al., 2017). The authors of this study suggest that this could be
the case for many different RBPs when m6A modified RNA falls within the binding site of an RBP.
While this is a potentially exciting additional layer of regulation, more work must be done to affirm
that this mechanism plays a role in vivo.

1.5.6 EVOLUTIONARY PERSPECTIVES OF M6A RBPS IN MAMMALS AND PLANTS
Interestingly, while much of the machinery observed between the disparate kingdoms of
plants and animals, important considerations must be made based on what has been observed
surrounding regulators of m6A in plants compared to mammals. The majority of the m6A
methyltransferase components are highly conserved across plants and mammals, and to a lesser
extent the m6A localization throughout the transcriptome has been evolutionary conserved as
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well. Despite many major similarities, however, there are many major differences to consider
when it comes to comparing m6A regulation in plants compared to mammals, and care must be
taken in plant studies to not wrongly infer mechanisms based on mammalian results.
Firstly, plants notably lack RBPs found in mammals: FTO and YTHDC1 (Scutenaire et
al., 2018). The lack of YTHDC1 may suggest major differences between m6A regulation in plants
and mammals. Other than YTHDC1, there are no confirmed YTH reader proteins that localize to
the nucleus, which may suggest why no discernable impact of mRNA splicing has been observed
on m6A modified transcripts in plants despite the effects being widespread in mammals. The
absence of FTO in plants might also partially explain splicing discrepancies between plants and
mammals, but also indicates that there may be widespread populations of transcripts
demethylated in specific mammalian contexts that demonstrate no change in plant systems.
While a couple of RBPs are absent in plants that exist in mammals, there are actually
many more predicted m6A interactors in plants relative to mammals (Figure 1.3). As previously
mentioned, there has been an expansion in both ALKBH and YTH proteins in plants, with each
exhibiting two and 13 plant homologs, respectively (Scutenaire et al., 2018). The fact that plants
contain a great deal more predicted canonical m6A readers than mammals implies plants may be
capable of much more extensive networks of m6A-mediated post-transcriptional regulation
compared to mammals. This aligns well with a plant’s need to adapt its transcriptome to
unfavorable circumstances as it lacks both motility and adaptive immunity.
Despite the apparent fact that m6A is likely much more involved in regulating a variety of
processes in plants relative to mammals, little work has been done to investigate what roles m6A
may serve outside of plant development. Furthermore, no specific mechanism of action has been
described for how m6A might be functioning throughout the plant transcriptome. This is a major
gap in our current understanding of how plants regulate their transcriptomes that we sought to
address through our various studies performed on m6A deficient plants. In this work, we
overcome of these gaps in knowledge by elucidating what processes are governed by this
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modification and by tying this to a specific molecular process that seems to be exclusive to plants.
This highlights the importance of pursuing plant specific studies as many things that are assumed
to be similar between these systems may actually be quite divergent processes, despite the
homology of many of the proteins involved m6A mediated regulatory processes.

Figure 1.3 A schematic of the plant interactions between m6A and its writers, readers, and
erasers showing their mammalian orthologs (red text), their role in m6A regulation (green text), as
well as the phenotypes of Arabidopsis plants deficient in these RBPs. Plants containing null
alleles for the genes encoding four of the five ‘writer’ complex proteins display embryonic lethality
as specified. However, available hypomorphic alleles and/or knockdown lines for these four
components have visible developmental phenotypes but are viable.

1.6 QUANTIFICATION AND DETECTION OF M6A
Identifying m6A modified loci in the transcriptome has been an historically challenging
task as the nature of m6A mapping is technically demanding. Many covalent RNA modifications
induce reverse-transcriptase (RT) truncations and mis-incorporations as they prevent accurate
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strand-synthesis through interference with base-pairing by occupying the Watson-Crick edge. In
these cases, modification mapping may be mapped through observations of sequencing
mismatches to the genome. As previously mentioned, m6A interferes with base pairing, but not to
an extent that interferes with either reverse transcription or translation. As such, other more laborintensive methods have been developed for identifying and validating m6A sites.

1.6.1 HIGH-THROUGHPUT MAPPING OF M6A
Identification of m6A localization across the transcriptome is accomplished via m6A-seq
(Figure 1.4A). Using this approach, the transcriptome is isolated via polyA+ selection and
subsequently fragmented. The polyA+ fragments are incubated with anti-m6A antibodies which
are highly specific to this modification. m6A containing fragments bound by these antibodies are
then pulled down, and finally sequenced along with input polyA+ RNA, or alternatively m6Asupernatant RNA from the pulldown. m6A peaks are then called with an algorithm comparing the
antibody bound fraction to the control fraction. The limitations of this method are a lack of
resolution; using m6A-seq does not allow one to identify which adenosine in a given peak is m6A
modified. m6A peaks are limited by the size of the fragments generated and sequenced during
m6A-seq.
Recent advances, however, permit high-throughput single-nucleotide resolution of m6A
sites through a modified m6A-seq protocol. Single-nucleotide resolution m6A sequencing can
accomplished by incorporating a UV cross-linking step into m6A sequencing. This singlenucleotide resolution m6A-seq protocol is known as m6A cross-linking immunoprecipitation
sequencing (miCLIP-seq) (Figure 1.4B). miCLIP-seq crosslinks the m6A antibody to m6A which
results in antibody fragments leftover linked to transcripts (Meyeret al, 2015). During the reverse
transcription stage of library preparation, these fragments of the antibody still linked to the RNA
induce both reverse transcription mis-incorporations and truncations immediately nearby antibody
bound m6A sites. Downstream computational analyses can then be applied to look for truncated
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reads or mutation signatures that indicate the specific location of m6A. Library preparation for
miCLIP-seq is slightly more labor intensive than other m6A sequencing approaches, as
circularization of reads is required in order to properly capture truncation events for downstream
library preparation. Furthermore, specific pipelines must be used downstream to specifically
identify truncation and mis-incorporation events.
In addition to the m6A sequencing approaches, machine-learning algorithms have been
developed to attempt prediction of m6A localization within the transcriptome. How m6A sites are
chosen, however, remains largely enigmatic and these programs, while substantially better than
chance, are not a robust method for characterizing m6A localization as of yet.

1.6.2 TRANSCRIPTOME-WIDE QUANTIFICATION OF M6A
The previous sequencing approaches permit the detection of m6A modified sites across
the transcriptome but do not permit characterization of m6A stoichiometry for a given site or
transcript. m6A quantitation in a transcriptome-wide manner is in often accomplished via highperformance liquid chromatography or thin layer chromatography. These approaches allow for
the observation of the ratio of m6A to adenosine in a particular RNA sample, which is particularly
useful for demonstrating the influence of changes in writer or eraser activity. These approaches,
however, do not provide any information as to the localization of any particular modification
(Table 1.1).
A more recent sequencing method for quantification of m6A that permits characterization
of m6A levels within specific transcripts is m6A level and isoform characterization sequencing
(m6A-LAIC-seq) (Figure 1.4C). m6A-LAIC-seq is similar to m6A-seq, however, there is no
fragmentation step performed prior to m6A pulldown. The bound transcripts containing m6A and
m6A- unbound fractions are then sequenced. By computationally comparing the abundance of the
m6A modified fraction of a transcript pulled down to the abundance of the transcript in the m6Afraction the level of m6A modification occurring within a specific transcript can be inferred.
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However, because there is no fragmentation step, no information regarding m6A localization
within a transcript can be inferred using m6A-LAIC-seq.

Figure 1.4 Diagram of sequencing approaches to date for identification of m6A sites across the
transcriptome. All of these m6A-sequencing approaches involve the use of antibodies to
immunoprecipitate m6A containing fractions of mRNA. From left to right: (A) the workflow for m6Aseq in which peaks/regions of the transcriptome that contain one or more m6A sites are identified.
(B) miCLIP-seq in which antibodies are cross-linked to m6A, resulting in RT truncations and/or
mis-incorporations and allowing single nucleotide resolution of m6A. (C) m6A-LAIC-seq in which
no fragmentation is performed prior to pulldown of m6A containing transcripts, resulting in no
resolution of m6A site localization, but permitting the quantification of what relative proportion of a
given transcript is modified compared to unmodified.
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1.6.3 SITE-SPECIFIC QUANTIFICATION OF M6A
Two methods have been developed for quantification of m6A levels at a particular locus,
although the low throughput nature of these methods makes these methods impractical on a
genomics scale. The first method is known as site-specific cleaving and radioactive labeling
followed by ligation specific extraction (SCARLET). The first step in SCARLET involves the
annealing of a chimeric probe containing DNA immediately upstream of a putatively methylated
adenosine. RNase H treatment then cleaves 5’ of the candidate m6A site, as it digests the DNARNA duplex where the probe has bound the target. After this digestion step, the 5’ most
nucleotide on the candidate transcript should represent the adenosine being interrogated, and
this 5’ nucleotide is radiolabeled. The radiolabeled RNA is then subsequently ligated to a to 116
nt DNA adapter, which will protect the radiolabeled A from the subsequent digestion step.
An RNA digestion step that leaves behind only A’s is then performed using a combination
of RNase T1 and RNase A, which are endoribonucleases that cleave at G, and C/U respectively.
This step results in only RNA mononucleotides and those A’s that were successfully ligated to the
116 nt DNA probe. A size selection step then selects for the longer adapters and filters out the
digested RNA. Finally, a DNA digestion step degrades the probes and frees the radiolabeled
nucleotides. This sample is then subjected to high-performance thin layer chromatography in
which m6A will migrate more slowly than A, thus elucidating what proportion, if any the adenosine
of interest is methylated.
High-Resolution melting analysis (HRM) is a second approach for the quantification of
methylation levels at a particular site. HRM uses a set of two probes, a fluorescent probe and a
quencher probe. HRM design requires the quencher targeting the m6A site in question and the
fluorescent probe targeting the site immediately adjacent the quencher so that when both probes
have bound their targets, no fluorescent signal is evident. HRM detects the presence of m6A by
taking advantage of m6A’s ability to interfere with base pairing. The probes are annealed to their
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target and then unannealed under slowly increasing temperatures. When a given target locus is
modified, the quencher probe which spans the modification site will unanneal from the target
transcript at a lower temperature resulting in a fluorescent signal. If the site is unmodified, a
higher temperature will be required to unanneal this probe. This allows for the fluorescent signal
at two different temperatures to signal the modified and unmodified fraction of a target site
respectively. The proportion of modification may be elucidated via HRM through comparisons of
signal intensities at various temperatures.

Table 1.1 Table detailing the methods for interrogation of m6A sites within a transcriptome, and
the advantages and disadvantages of each method. Row labels contain a technique for m6A
interrogation. Columns each contain a property of m6A detection/quantification and cells are color
coded with dark green, yellow-green, yellow, and red indicating fully capable, capable, limited
capacity, or incapable, respectively.

29

CHAPTER 2: N6-methyladenosine inhibits local ribonucleolytic cleavage to
stabilize messenger RNAs in Arabidopsis
This section refers to work in: Stephen J. Anderson, Marianne C. Kramer, Sager J. Gosai, Xiang
Yu, Lee E.Vandivier, Andrew D.L. Nelson, Zachary D.Anderson, Mark A.Beilstein, Rupert G.Fray,
EricLyons, Brian D.Gregory. 2018. “N6-Methyladenosine Inhibits Local Ribonucleolytic Cleavage
to Stabilize mRNAs in Arabidopsis”, Cell Reports: 25, 1–12
Abstract: N6-methyladenosine (m6A) is a dynamic, reversible, covalently modified
ribonucleotide that occurs predominantly toward 3′ ends of eukaryotic mRNAs and is essential for
their proper function and regulation. In Arabidopsis thaliana, many RNAs contain at least one m6A
site, yet the transcriptome-wide function of m6A remains mostly unknown. Here, we show that
many m6A-modified mRNAs in Arabidopsis have reduced abundance in the absence of this mark.
The decrease in abundance is due to transcript destabilization caused by cleavage occurring 4 or
5 nt directly upstream of unmodified m6A sites. Importantly, we also find that, upon agriculturally
relevant salt treatment, m6A is dynamically deposited on and stabilizes transcripts encoding
proteins required for salt and osmotic stress response. Overall, our findings reveal that m6A
generally acts as a stabilizing mark through inhibition of site-specific cleavage in plant
transcriptomes, and this mechanism is required for proper regulation of the salt-stress-responsive
transcriptome.

2.1 INTRODUCTION
Post-transcriptional gene regulation is recognized as an intricate set of processes that
function to coordinate overall cellular gene levels. Both cis-acting factors, such as RNA sequence
elements and covalent RNA modifications, as well as trans-acting factors, such as RNA binding
proteins (RBPs), play major roles in a variety of post-transcriptional gene regulatory processes
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including RNA localization (Roundtree et al., 2017c), stability (Shen et al., 2016a; Wang et al.,
2014b; Wei et al., 2018b), alternative splicing (Xiao et al., 2016), and translation (Meyer et al.,
2015; Wang et al., 2015). Only over the past decade has the role of covalent RNA modifications
in post-transcriptional regulation of messenger RNA (mRNA) been demonstrated. While dozens
of covalent mRNA modifications have been described to date (Machnicka et al., 2013a), the
prevalence and function of most of these mRNA modifications remains largely unclear, especially
in plant transcriptomes.
N6-methyladenosine (m6A) is the most prevalent internal covalent mRNA modification,
and has been described in a variety of organisms including mammals, plants, Drosophila
melanogaster, and zebrafish (Dominissini et al., 2012; Lence et al., 2016; Luo et al., 2014; Meyer
et al., 2012; Zhao et al., 2017b). m6A is indispensable for the proper development of many
multicellular organisms as deficiency in enzymes responsible for catalyzing and binding m6A
methylation leads to improper development. In zebrafish embryos, m6A presence results in the
destabilization and timely clearance of maternal transcripts from the embryo (Zhao et al., 2017b),
while in Drosophila m6A is required for proper sex determination (Lence et al., 2016).
Furthermore, in mammalian systems, where m6A is best characterized, m6A modulates transcript
localization and stability (Wang et al., 2014b), and has been suggested to influence alternative
splicing (Xu et al., 2017).
In Arabidopsis thaliana (hereafter Arabidopsis), the majority of m6A is localized near the
stop codon and throughout the 3’ untranslated region (UTR) (Shen et al., 2016a), which is similar
to what has been reported in metazoans (Lence et al., 2016; Meyer et al., 2012; Niu et al., 2013).
m6A in Arabidopsis occurs nearly exclusively in an RRACH sequence context (Niu et al., 2013)
(where R=A/G, A is the modified m6A site, and H=A/C/U). It is estimated that 0.1% of all
adenosine ribonucleotides present in mRNAs are m6A (Luo et al., 2014). The primary m6A
methylation writer complex in plants consists of METHYLTRANSFERASE A (MTA) (Zhong et al.,
2008), METHYLTRANSFERASE B (MTB) (Zhong et al., 2008), FKBP INTERACTING PROTEIN
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37 (FIP37) (Shen et al., 2016a), and VIRILIZER (Růžička et al., 2017), which all have highly
conserved mammalian orthologs; METTL3, METTL14, Wilm’s tumor 1 associated protein
(WTAP), and VIRILIZER, respectively (reviewed in Kramer et al., 2018). m6A sites are also well
conserved between evolutionarily divergent Arabidopsis ecotypes (Luo et al., 2014), suggesting
m6A localization within the transcriptome plays important roles. The importance of m6A is further
emphasized by its necessity in early plant development, as plants deficient for any known
members of the core m6A methylation complex are embryonic lethal (Růžička et al., 2017; Shen
et al., 2016a; Zhong et al., 2008). Furthermore, m6A has been implicated in regulating plant
response to viral pathogens, where increased levels of m6A in viral RNAs of the cucumber
mosaic virus (CMV) led to decreased systemic invasion (Martínez-Pérez et al., 2017). However,
the effects of m6A on other plant responses, including abiotic stress responses, are not well
understood.
While these studies have clearly demonstrated the importance of m6A in Arabidopsis, the
mechanisms of m6A-mediated transcriptome regulation are not currently well understood. For
instance, a previous study demonstrated that a handful of transcripts containing m6A in
undifferentiated tissue are destabilized by this mark (Shen et al., 2016a). However, when
examining transcript stability in a whole organismal context, it was revealed that many transcripts
are destabilized when ‘reader’ proteins that bind m6A are absent (Wei et al., 2018b), indicating
that m6A can function as a stabilizing mark as well. Thus, whether m6A is an epitransciptome
mark that stabilizes, destabilizes, or both is not currently well understood. Furthermore, the
mechanisms by which m6A regulates transcript stabilization and destabilization are still not
completely clear in any organism.
Here, we characterize the localization of m6A across the Arabidopsis transcriptome in
mature 4-week-old leaves in wild-type and m6A deficient plants. Using mRNA-sequencing and
global mapping of uncapped transcripts (GMUCT), a technique to globally identify unstable and
actively degrading transcripts, we examine both transcript abundance and stability in these same
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plant populations. Overall, our findings demonstrate that m6A is essential to promote transcript
stability in somatic Arabidopsis tissue, as transcripts deficient in m6A are generally destabilized.
Furthermore, our results indicate that this destabilization occurs as a consequence of
ribonucleolytic cleavage directly upstream of m6A sites when transcripts lack this methyl mark
and that this cleavage is followed by EXORIBONUCLEASE 4 (XRN4)-dependent degradation of
the downstream cleavage product. Finally, we find that upon agriculturally-relevant salt treatment,
m6A is deposited onto transcripts encoding salt stress response proteins, resulting in increased
abundance and stability. In total, our findings reveal that m6A is a stabilizing mark in plant somatic
transcriptomes that inhibits ribonucleolytic cleavage directly upstream of sites of this
epitranscriptome mark and is dynamically added to salt stress related transcripts to protect them
from degradation upon stressed conditions.

2.2 RESULTS

2.2.1 M6A SITES ARE BIASED TOWARDS THE 3’ END OF MRNAS AND CONSERVED
BETWEEN DISTINCT STAGES OF DEVELPOPMENT IN ARABIDOPSIS
To determine the localization of m6A in the adult Arabidopsis leaf transcriptome, we
performed m6A RNA immunoprecipitation and sequencing (m6A-seq) (Meyer et al., 2012) on
polyA+ RNA from leaves 5-9 of 4-week-old Arabidopsis ecotype Columbia-0 (hereafter Col-0) as
well as plants deficient in m6A by virtue of a post-embryonic knockout of the major m6A
methyltransferase, MTA (mta ABI3:MTA; hereafter referred to as mta) (Bodi et al., 2012b). Using
the peak calling algorithm MACS2 (Zhang et al., 2008), we identified a total of 9,385 m6A peaks
in Col-0 plants, with 5,496 peaks common to both replicates (~87% of peaks in the lower
sequencing depth replicate) indicating the high reproducibility of this technique (Figure 2.1A).
Only 2,687 total m6A peaks were identified in RNA samples from mta mutant plants, with 831
common to both replicates (Figure 2.1B), suggesting that m6A modifications are mostly but not
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completely eliminated from mRNA by the significantly decreased abundance of MTA. Based on
the large number of overlapping m6A peaks identified in wild-type plants, we chose to focus our
analyses on only these high-confidence peaks found in both replicates of their respective
genotypes.

Figure 2.1 m6A-seq identifies bona fide m6A peaks in the Arabidopsis adult leaf transcriptome.
(A-B) Overlap between m6A peaks identified in two biological replicate experiments using leaves
5-9 from 4-week-old Col-0 (A) and mta (B) plants. Only peaks found in both replicates for each
genotype were used for subsequent analyses. (C) Enrichment of the canonical m6A motif
(RRACH) in Col-0 and mta m6A peaks as compared to scrambled controls. *** denotes p value <
0.001, chi-squared test.

To validate our m6A peak calls, we first assessed their localization within Arabidopsis leaf
transcripts. We found that peaks identified in both wild-type and mta plants demonstrated the
previously reported bias of m6A sites towards the stop codon and 3’ UTR (Meyer et al., 2012;
Shen et al., 2016a). In fact, over 95% of the identified Col-0 m6A peaks occur in the 3’ UTR or

34

overlap the stop codon (Figures 2.2A-C). This 3’ end bias was also observed for the mta high
confidence peaks (Figure 2.1A), of which only ~40% (335) overlap with the peaks identified for
Col-0 plants (Figure 2.1D). In order to determine whether we could detect the canonical m6A motif
(RRACH) (Niu et al., 2013) within these m6A peaks, we performed a motif enrichment analysis
using the compareMotifs tool from the motif detection suite Homer2 (Heinz et al., 2010). We
observed a significant (p value < 0.001, chi-squared test) enrichment for this RRACH motif in m6A
peaks identified in both Col-0 and mta leaf transcriptomes compared to peak sequences that
were randomly scrambled using the scramblefasta.pl tool in the HOMER motif detection suite
(Heinz et al., 2010) (Figure 2.1C). Together, these findings indicate that we identified highconfidence m6A-containing regions of the Arabidopsis mature leaf transcriptome. Additionally, our
results revealed that there is only a low level of m6A in the mta plants, thus providing us an m6A
deficient background to probe the effects of this mark on the plant transcriptome.
To characterize what processes may be regulated by m6A modification in the adult leaf
transcriptome, we performed a Gene Ontology (GO) analysis using DAVID (Huang et al., 2009a,
2009b) on transcripts containing m6A peaks in wild-type. We found that transcripts containing
m6A are enriched for genes encoding proteins involved in metabolism and growth. This is similar
to what was previously reported in Arabidopsis using above-ground tissue in other ecotypes (Luo
et al., 2014). These results support the importance of m6A as a regulator of the developmental
and metabolic transcriptomes of plants.
Previous studies indicate that m6A is critical for proper development of eukaryotic
organisms (Lence et al., 2016; Wang et al., 2014c; Zhao et al., 2017b; Zhong et al., 2008), but
whether m6A sites are maintained across diverse developmental time-points in plants has not
been addressed. Therefore, we compared our Col-0 m6A sites from 4-week-old leaves to those
from a similar m6A-seq experiment that used 5-day-old Col-0 whole seedlings, in which >4,300
high-confidence m6A peaks were identified (Shen et al., 2016a). We found a significant (p value <
0.001, chi-squared test) overlap of m6A peaks between both developmental time points (2,480;
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~57% of the total 5-day-old seedling set) (Figure 2.2E), indicating that while m6A is essential for
regulating development in Arabidopsis (Shen et al., 2016a), m6A is also involved in general
transcriptomic maintenance throughout the plant lifecycle. This is further supported by the GO
analysis that revealed many transcripts containing m6A encode proteins involved in basic
metabolic processes.
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Figure 2.2 Arabidopsis m6A sites are biased towards the 3’ end of mRNAs and conserved
between distinct stages of development (A) The localization of m6A peaks in Col-0 (green line)
and mta (purple line) in 4-week-old leaf mRNAs. (B) Percentage of total Col-0 m6A peaks located
throughout regions of mRNA transcripts. Peaks that overlapped a start or stop codon were
designated as start or stop codon peaks. (C) Browser views for two example transcripts
containing Col-0 m6A peaks. Top tracks show m6A-seq data for supernatant (top) and m6A+ IP
(bottom) samples using leaf RNA sample from mta plants (purple). Bottom two tracks show m6Aseq data for supernatant (top) and m6A+ IP (bottom) samples using leaf RNA sample from Col-0
plants (green). (D) Overlap between high-confidence m6A peaks identified for Col-0 compared to
those from mta plants. (E) Overlap between our 4-week-old Col-0 leaf m6A peaks with peaks from
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a previous study using 5-day-old whole Col-0 seedlings. *** denotes p value < 0.001 for
enrichment in the overlap, chi-squared test. See also Figure 2.1.
2.2.2 M6A MODIFIED PROTEIN-CODING MRNAS ARE SIGNIFICANTLY LESS ABUNDANT IN
M6A DEFICIENT PLANTS
A number of studies in mammalian stem cells have suggested that m6A acts largely as a
destabilizing mark (Wang et al., 2014b, 2014c; Yoon et al., 2017). In plants, recent studies
revealed that while m6A destabilizes a handful of modified transcripts in non-somatic tissue, most
modified transcripts increase in abundance when m6A is present, presumably through transcript
stabilization (Duan et al., 2017b; Shen et al., 2016a). This model of m6A as a stabilizing mark in
Arabidopsis is further supported by recent experimental results demonstrating that transcripts are
stabilized when bound by the m6A binding protein EVOLUTIONARY CONSERVED C TERMINAL
REGION 2 (ECT2) (Wei et al., 2018b). In order to more comprehensively investigate the effects
of m6A on the abundance of modified transcripts in adult leaf tissue, we performed polyA+selected RNA sequencing (mRNA-seq) using RNA from leaves 5-9 of 4-week-old Col-0 and mta
plants. The resulting mRNA-seq libraries were sequenced and provided ~27-40 million mapped
reads per library. To determine reproducibility, we used a principle component analysis of read
coverage using HTseq accompanied with DESeq2 (Love et al., 2014). This revealed that the four
biological replicates for each genotype cluster together (Figure 2.4A), indicating the high quality
and reproducibility of our mRNA-seq libraries. Furthermore, we detected ~16,000 genes
expressed with at least 1 read per million mapped reads (RPM) in all four replicates from both
genotypes.
To determine how m6A affects transcript abundance in mature leaf tissue, we first
calculated transcript abundance (RPM) in the Col-0 and mta transcriptomes. We then calculated
the relative abundance in the absence compared to the presence of m6A (RPMmta/RPMCol-0) for
transcripts with one or more high confidence m6A peak, transcripts without any high confidence
Col-0 m6A peaks, and transcripts without any Col-0 m6A peaks in either m6A-seq replicate. In
support of the model of m6A acting as a stabilizing mark (Luo et al., 2014; Wei et al., 2018b), we
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observed a significant (p value < 0.001, chi-squared test) decrease in overall transcript
abundance when m6A is absent (mta plants) compared to present (Col-0 plants) in the transcripts
that contain m6A peaks as compared to the other two classes of transcripts (Figure 2.3A). In fact,
m6A peak-containing transcripts show an overall decrease in abundance in the absence of this
mark (median < 0), whereas the other two classes of transcripts demonstrate a slight overall
increase in abundance (median > 0), (Figure 2.3A). These results suggest that m6A is generally a
stabilizing mark in plant transcriptomes.

Figure 2.3 m6A modified protein-coding mRNAs are significantly less abundant in m6A deficient
plants because they are destabilized in the absence of this epitranscriptome mark (A) Relative
abundance of transcripts containing high-confidence Col-0 m6A peaks (blue box) (n=4510), no
high confidence Col-0 m6A peaks (red box) (n=11627), and no detectable m6A peaks in any
replicate (yellow box) (n=7825). Transcript abundance is shown as the log2 fold change in mta
reads per million (RPM) divided by Col-0 RPM. *** denotes p value < 0.001, chi-squared test. (B)
Overlap between Col-0 m6A peak containing protein-coding mRNAs with those that are
significantly less abundant in mta as compared to Col-0 leaves. *** denotes p value < 0.001 for
enrichment in the overlap, chi-squared test.

We next identified the sets of transcripts that demonstrated significant changes in
abundance between m6A deficient (mta) and Col-0 plants using the differential expression
analysis suite DEseq2 (Love et al., 2014). This analysis identified ~4,522 mRNAs that are
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differentially abundant in mta plants as compared to Col-0. Nearly half of the significantly (FDR £
0.05) differentially abundant genes showed higher levels (2,206) in mta compared to Col-0, while
the other half (2,316) were decreased. We validated the DESeq2 results using reverse
transcription (RT) quantitative PCR (RT-qPCR) on 12 randomly selected significantly differentially
abundant transcripts. These RT-qPCR results were highly correlated (R=0.94, Pearson’s
correlation coefficient) with the fold change in abundance determined by DESeq2 (Figure 2.4B),
validating our differential expression analysis. We next assessed the level of association between
mRNAs with significant changes in abundance and those that contain m6A peaks. Interestingly, of
the 2,316 transcripts that are less abundant in m6A deficient plants, 910 (39%) contained at least
one m6A site in wild-type, which was a significant (p value < 0.001, hypergeometric test)
enrichment between these two sets of transcripts (Figure 2.3B). Conversely, only 224 (10%) of
the transcripts that are more abundant in mta compared to Col-0 plants (2,206 total) contained at
least one m6A peak, which is significantly (p value < 0.001, hypergeometric test) less than
expected (Figure 2.3C). No association was observed for differential abundance and transcripts
that contained m6A peaks identified in mta plants (Figure 2.4B). These data reveal that m6A is
predominately found in genes that are downregulated upon m6A depletion, further suggesting that
m6A functions primarily as a stabilizing mark in the Arabidopsis transcriptome.
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Figure 2.4 Comprehensive RNA-seq and genome-wide mapping of uncapped and cleaved
transcripts (GMUCT) analyses of the Col-0 and mta transcriptomes reveal that 3’ localized m6A is
a stabilizing mark in the Arabidopsis adult leaf transcriptome, Related to Figure 2. (A) Clustering
analysis of the 4 mRNA-seq biological replicates for 4-week-old Col-0 and mta leaves (8 total
libraries). HTSeq was used to count the number of reads mapping to each gene in the TAIR10
transcriptome. Based on these HTSeq read counts from Col-0 and mta mRNA-seq replicates, the
libraries were clustered based on a correlation analysis via DESeq2 (Love et al., 2014). This
analysis revealed high levels of similarity within libraries corresponding to the biological
replicates, as each genotype clustered together. (B) The mRNA abundance fold change values
for mta relative to Col-0 leaf transcriptomes as calculated by DESeq2 analysis (x-axis) and qPCR
(y-axis) for a number of transcripts selected for validation. The strong correlation (R2 > 0.94)
between these values demonstrates the validity of the DESeq2 findings. (C) The overall
abundance of transcripts in Col-0 (x-axis) and the relative abundance of transcripts in mta as
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compared to Col-0 (y-axis) calculated using DESeq2 (Love et al., 2014). Red dots denote highconfidence m6A modified transcripts, while gray dots denote transcripts that do not contain a
high-confidence m6A peak. Vertical blue dotted lines represent the expression bounds for m6A
transcripts used in calculating the proportion uncapped metric (see Figure 2.5A). (D-E) The
overlap between high-confidence mta m6A peaks and transcripts significantly less (D) and more
(E) abundant in mta plants. F) Clustering analysis of all four genome-wide mapping of uncapped
and cleaved transcripts (GMUCT) libraries. HTSeq was used to count the number of reads
mapping to each gene in the TAIR10 transcriptome. Based on these HTSeq read counts from
Col-0 and mta GMUCT replicates, the libraries were clustered based on a correlation analysis via
DESeq2 (Love et al., 2014). This analysis revealed high levels of similarity within libraries
corresponding to the biological replicates, as each genotype clustered together. (G-J) Venn
diagrams showing overlap between various groups of transcripts as specified in each figure. ***
denotes a significant (p value < 0.001) overlap between the specified transcript populations, loglinear analysis. *** denotes p value < 0.001 for less than expected in the overlap, log-linear
analysis.
In order to assess what biological processes may be affected in the absence of m6A, we
performed another GO analysis using DAVID (Huang et al., 2009b) on transcripts that were
significantly differentially abundant in mta compared to Col-0. Interestingly, defense response and
a variety of stress terms were extremely prevalent in both over- and underrepresented transcripts
in the mta transcriptome. These GO terms covered a broad spectrum of biotic and abiotic
stresses including response to bacterial, fungal, insect, heat, and salt stress. These GO terms
suggest that m6A might be involved in a wide range of stress response pathways, potentially
working to ensure the appropriate abundance of transcripts during both biotic and abiotic
responses.
In mammals, broad alternative splicing perturbations have been reported in the absence
of m6A. However, in Arabidopsis, m6A has been previously found to have little effect on
alternative splicing events (Shen et al., 2016a; Zhong et al., 2008). To test the effect of m6A on
alternative splicing in the adult leaf transcriptome, we used the differential alternative splicing
analysis tool MAJIQ (Vaquero-Garcia et al., 2016a) to determine if any differential splicing events
were observed in mta compared to Col-0. From this analysis, we saw no evidence of broad
splicing perturbations, with only 70 detectable splice variants identified by our analysis. Overall,
our mRNA-seq analyses demonstrates that m6A likely acts as a stabilizing mark in leaf
transcriptomes, which is not a consequence of large-scale changes in alternative splicing.
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2.2.3 M6A-CONTAINING MRNAS ARE DESTABILIZED IN THE ABSENCE OF THIS
EPITRANSCRIPTOMIC MARK
To further investigate whether m6A is a stabilizing moiety in plant transcriptomes, we
performed global mapping of uncapped and cleaved transcripts (GMUCT) (Gregory et al., 2008;
Willmann et al., 2014) to quantify the degradation and cleaved intermediates of polyA+ transcripts
in RNA samples from leaves 5-9 of 4-week-old Col-0 and mta plants. Briefly, GMUCT first
isolates protein-coding mRNAs through polyA+ selection, which is immediately followed by
ligation of a 5’ RNA sequencing adapter to all transcript intermediates with mono-phosphorylated
5’ ends. Thus, any transcript with a 5’ cap moiety will be impervious to this ligation step, but any
transcript which has had its cap removed during the process of 5’ to 3’ exonucleolytic degradation
or endonucleolytic cleavage will be sequenced. This results in a library of only actively degrading
and cleaved mRNA intermediates (Vandivier et al., 2015; Willmann et al., 2014). The resulting
GMUCT libraries were sequenced and provided ~79-82 million mapped reads per library. To
determine reproducibility, we used a principle component analysis using HTseq (Anders et al.,
2015) accompanied with DESeq2 (Love et al., 2014). This revealed that the two biological
replicates for each genotype cluster together (Figure 2.4F), indicating the high quality and
reproducibility of our GMUCT libraries.
We then used these GMUCT sequencing results to characterize the relative stability of
transcripts using the proportion uncapped metric, which is calculated as the log2 ratio of the RPM
from GMUCT for a given transcript normalized by the RPM for the same transcript in our mRNAseq data (log2[RPMGMUCT/RPMmRNAseq]). This proportion uncapped metric has been previously
demonstrated to be a good measure of stability for mRNA transcripts (Vandivier et al., 2015),
where a higher proportion uncapped value correlates with a less stable transcript and vice versa.
Using this metric, we compared the influence of m6A on transcript stability by comparing the
proportion uncapped in normal (Col-0) and m6A deficient (mta) plants for transcripts that contain
m6A (m6A modified) or do not contain m6A (unmodified). In order to avoid confounding proportion
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uncapped values that may be found at the extreme ends of expression, we chose to exclude the
top and bottom 12.5% most expressed m6A containing transcripts. Interestingly, we find a
significant (p value < 0.001, Wilcoxon rank sum test) increase in proportion uncapped for m6A
modified transcripts in mta compared to Col-0 plants, indicating that these transcripts are less
stable when m6A is absent (Figure 2.5A). Conversely, we observed no significant change in the
proportion uncapped between Col-0 and mta for similarly expressed and non-significantly
differentially abundant transcripts that lacked any detectable m6A modification (Figure 2.5A).

Figure 2.5 (A) Proportion uncapped (GMUCT reads per million normalized to RNA-seq reads per
million for each transcript) for transcripts that contain (left) no detectable Col-0 m6A peaks and
(right) Col-0 m6A peaks in Col-0 (green boxes) compared to mta (purple boxes) leaves. ***
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denotes p value < 0.001, Wilcoxon ranked sum test (B) Percent of transcripts remaining 24 hours
post treatment with transcription inhibitors in Col-0 (green bars) and mta (purple bars). The
following classes of m6A-modified transcripts were chosen from our proportion uncapped data
and assayed: (1) those with higher proportion uncapped values in mta compared to Col-0, (2) two
that demonstrated <10% change in proportion uncapped between mta and Col-0, and (3) a
transcript that with higher proportion uncapped values in Col-0 compared to mta. * denotes p
value < 0.05, ** denotes p value < 0.01; Student’s t-test, two-tailed. (C) Overlap between
transcripts containing Col-0 m6A peaks (red circle), transcripts which have an increase in
proportion uncapped in mta compared to Col-0 (green green circle), and transcripts which are
significantly less abundant in Col-0 (blue circle). *** denotes a significant (p value < 0.001)
overlap between the specified transcript populations, log-linear analysis. (D) Overlap between
randomly chosen transcripts (of a number equal to m6A containing transcripts) that do not contain
detectable Col-0 m6A peaks (yellow circle), transcripts which have an increase in proportion
uncapped in mta compared to Col-0 (green circle), and transcripts which are significantly less
abundant in Col-0 (blue circle). *** denotes a significant (p value < 0.001) overlap between the
specified transcript populations, log-linear analysis. *** denotes p value < 0.001 for less than
expected in the overlap, log-linear analysis. See also Figure 2.4.
To validate that the general increase in proportion uncapped in the absence of m6A
was indicative of reduced stability of specific transcripts, rather than a decrease in transcription,
we treated Col-0 and mta plants with the transcription inhibitors cordycepin and Actinomycin D for
0 and 24 hours. Because these inhibitors are unable to penetrate the thick epidermal layer of 4week-old leaves, we performed this analysis in 5-day-old seedlings as we previously found a high
percentage of m6A sites are shared between these two tissues (Figure 2.1E). Using transcripts
containing m6A peaks shared between 5-week-old seedlings and 4-week-old leaves, we
examined the stability of several transcripts which exhibited higher levels of proportion uncapped
in mta compared to Col-0. From this, we calculated the percentage of initial transcripts (0hrs)
remaining after 24 hours using RT-qPCR and found that these transcripts were significantly more
stable in Col-0 compared to mta (Figure 2.5B), demonstrating that the stability of these transcripts
indeed decreases in plants lacking m6A. Further, we find that proportion uncapped is a useful
metric for inferring transcript stability as our stability assay was also able to validate two
transcripts exhibiting <10% fold change in proportion uncapped between mta and Col-0 and one
transcript which demonstrated a substantial increase in proportion uncapped in mta relative to
Col-0 (Figure 2.5B). These results indicate that m6A is generally a stabilizing mark in plant
transcriptomes, since the loss of this mark leads to decreased stability and subsequent lower
abundance of most modified mRNAs.

45

Due to the high overlap between m6A modified transcripts and transcripts that are
significantly less abundant in m6A deficient plants, we hypothesized that the observed m6Aassociated decrease in transcript stability was driving the abundance changes observed between
Col-0 and mta plants. To test this, we determined the overlap between transcripts with an m6A
site, transcripts which were differentially abundant, and transcripts which were either stabilized or
destabilized in mta as compared to Col-0 plants. A striking and significant (p value < 0.001, loglinear analysis) association was seen between transcripts significantly less abundant in m6A
deficient plants, transcripts that are destabilized in m6A deficient plants, and transcripts that are
m6A modified in Col-0 but not mta plants (Figure 2.5C). Conversely, a randomly-selected equallysized subset of transcripts that are not modified in Col-0 are significantly (p value < 0.001, loglinear analysis) under-enriched in the population of mRNAs that are less abundant and stable in
m6A deficient plants (Figure 2.5D). Relatedly, the populations of m6A modified mRNAs are
significantly (p value < 0.001, log-linear analysis) disassociated from mRNAs that are more
abundant and/or more stable in m6A deficient as compared to Col-0 plants, whereas unmodified
transcripts show no such disassociation. Overall, our results indicate that the decrease in
abundance of mRNAs that lose methylation in m6A deficient plants as compared to Col-0 are
often due to the loss of the stabilizing effect of m6A on transcripts.

2.2.4 M6A MODIFICATION ON PROTEIN-CODING MRNAS INHIBITS LOCAL
RIBONUCLEOLYTIC CLEAVAGE
We next wanted to determine the mechanism by which m6A modified transcripts are
stabilized. Given that m6A is a covalent addition directly onto the primary sequence of mRNAs,
we first investigated whether this modification might have a local effect on ribonucleolytic
cleavage of modified transcripts using our GMUCT data. To do this, we quantified only the reads
mapping within m6A peaks in GMUCT as compared to mRNA-seq for mta compared to Col-0
plants and looked for significant increases and decreases in local cleavage levels. We found that
1,539 m6A peaks demonstrated a significant (FDR < 0.05, chi-squared test) increase in cleavage
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(increase in GMUCT compared to mRNA-seq) in m6A deficient as compared to Col-0 plants
(Figure 2.7A). Conversely, only 198 peaks demonstrated a significant (FDR < 0.05, chi-squared
test) increase in cleavage level in Col-0 as compared to mta plants (Figure 2.7B).
In order to test if this phenomenon was more general than the observed 1,539
significantly cleaved m6A peaks, we assessed the levels of cleavage within all m6A peaks in Col-0
compared to mta plants. In GMUCT, the 5’ adapter is directly added to the nucleotide immediately
downstream of cleavage, thus each 5’ sequencing read end represents the site of cleavage
(Willmann et al., 2014). Using this, we defined a cleavage score as the RPM coverage values for
the 5’ most nucleotide of all GMUCT reads in Col-0 and mta that mapped within 50 nt of the
centers of the 5,496 identified m6A peaks. We observed a significant (p value < 0.001, Wilcoxon
ranked sum test) increase in ribonucleolytic cleavage levels within m6A peaks in mta compared to
Col-0 plants (Figure 2.7A), indicating that sites that have m6A in Col-0 but lack it in mta are more
cleaved when the modification is absent. These results revealed that m6A generally prevents
local ribonucleolytic cleavage of Arabidopsis adult leaf mRNAs. To determine if this cleavage was
specific to m6A sites and not a general occurrence throughout transcripts that lose m6A in mta
plants, we calculated the log2 ratio of cleavage between m6A deficient and Col-0 plants for m6A
peaks compared to same sized windows 300 nt upstream of these peaks and to randomly
selected sites towards the 3’ end of unmodified transcripts. We found a significant (p value <
0.001, Wilcoxon ranked sum test) increase in the log2 mta/Col-0 cleavage score ratio for m6A
peaks as compared to both sets of control regions (Figure 2.6A). These findings indicate that the
loss of m6A in mta mutant plants results in the increase of local cleavage around these now
unmodified sites.

2.2.5 XRN4 IS RESPONSIBLE FOR DEGRADING THE DOWNSTREAM PRODUCTS OF M6A
REGULATED CLEAVAGE SITES.
We observed an accumulation of mono-phosphorylated 5’ ends occurring specifically
within m6A peaks (Figure 2.6A). Therefore, we asked which nuclease is responsible for the

47

subsequent degradation of the downstream (3’) fragment of these cleaved transcripts.
EXORIBONUCLEASE 4 (XRN4) is an exoribonuclease responsible for 5’ to 3’ degradation of
uncapped transcripts, and is known to degrade downstream (3’) fragments that occur after
miRNA-mediated cleavage of target mRNAs (Souret et al., 2004). Relatedly, XRN4 is similarly
expressed in both mta and Col-0 leaves with less than a 0.4% expression difference estimated by
DESeq2. To determine whether XRN4 is involved in degrading cleavage products at m6A sites
(Figure 2.6C), we compared the levels of 5’ GMUCT read ends occurring per million mapped
reads within 25 nt of Col-0 m6A sites that showed the highest cleavage in m6A deficient plants to
an arbitrary region 300 nt closer to the 5’ end of the transcript (upstream) for xrn4 and Col-0
plants. If XRN4 was responsible for the degradation of downstream cleavage products, we
expected to find an increase in GMUCT reads around m6A regulated cleavage sites in the xrn4
mutant compared to wild-type (Figure 2.6C). We observed a significant (p value < 0.001,
Wilcoxon ranked sum test) accumulation of 5’ GMUCT read ends near m6A cleavage sites as
compared to the upstream sites in xrn4 mutant plants, whereas no significant difference was
observed in Col-0 (Figure 4D). To control for the possibility that 3’ ends of transcripts are
generally overrepresented in xrn4 GMUCT libraries, we performed the same analysis on random
50 nt windows in the 3’ UTR of transcripts that contained no detectable m6A. We observed little
difference between accumulation of read ends at the end or upstream of these random sites in
both xrn4 and Col-0 plants (Figure 2.6 C). In total, these results reveal that XRN4 is responsible
for degrading the downstream (3’) cleavage fragments generated around m6A sites once this
mark has been removed (Figure 4C), similar to its function in the miRNA-mediated RNA silencing
pathway (Souret et al., 2004).
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Figure 2.6 m6A modification on canonical and non-canonical motifs in protein-coding mRNAs
inhibits local ribonucleolytic cleavage, Related to Figure 3. (A) The log2 mta/Col-0 cleavage score
ratio for m6A peaks as compared to same sized windows 300 nt upstream of these peaks as well
as compared to randomly selected sites towards the 3’ end of unmodified transcripts. *** denotes
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p value < 0.001, Wilcoxon ranked sum test. (B) Hypothesis of XRN4-mediated degradation of
downstream (3’) cleavage products. (C) Change in accumulation of GMUCT 5’ read ends +/- 25
nt up- and downstream of m6A-regulated cleavage sites compared to +/- 25 nt up- and
downstream of the nucleotide 300 nt upstream of those sites (cleaved site/upstream site) for m6Aregulated cleavage sites (darker colored boxes) as compared to randomly-selected unmodified
control 3’ UTR sites (lighter colored boxes) using data from Col-0 (green boxes) or xrn4 mutant
(orange boxes) plants. *** denotes p value < 0.001, Wilcoxon ranked sum test. (D) Analysis of
cross-linking induced mutation sites (CIMS) (Linder et al., 2015) +/- 150 nt of highly cleaved sites
in Col-0 m6A peaks. The highly cleaved site is centered at 0 in this plot. This analysis suggests
we are identifying bona fide m6A sites that inhibit local ribonucleolytic cleavage in the 3’ UTRs of
specific m6A modified Arabidopsis adult leaf protein-coding mRNAs.

2.2.6 CLEAVAGE IN THE ABSENCE OF M6A OCCURS 4-5 NT UPSTREAM OF UNMODIFIED
A’S IN THE RRACH CONTEXT
As locally increased ribonucleolytic cleavage appeared to be occurring in the absence of
m6A, we looked for enriched sequences that could possibly explain these higher levels of
cleavage in m6A deficient plants. To do this, we calculated the nucleotide with the most coverage
of mta 5’ GMUCT read ends within the m6A peaks that were detected in Col-0 but not mta plants.
This allowed us to determine the most cleaved site within each m6A peak that occurred in the
absence of the m6A modification. We found that nearly all of the identified m6A peaks
(5,456/5,496; 99%) had at least one highly cleaved nucleotide in the m6A deficient (mta) plants.
We then took the 7 nt up and downstream of each site of highest cleavage and ran the motif
discovery algorithm MEME (Bailey et al., 2009) using these 15 nt sequence windows in order to
characterize m6A deficient cleavage associated sequences. Strikingly, this motif search returned
the canonical m6A motif RRACH as well as a GGAU motif (Figure 2.7C), indicating that the
cleavage events were occurring locally around the Arabidopsis adult leaf m6A sites. A U-rich
sequence motif was also observed within these 15 nt windows around cleavage sites (Figure
2.7C). Of note, none of these motifs were observed when MEME was run specifically using only
15 nt regions around m6A peak centers or randomly selected peak regions, so these findings are
likely not the result of the general RRACH enrichment in our m6A peaks (Figure 2.1C). We also
found that these sites were cleaved in Col-0 plants, just to a much lower extent (Figure 2.7B).
Thus, this mechanism of transcript cleavage is active in Col-0 plants on the unmethylated
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population of transcripts, albeit to a much lesser extent than when most/all m6A is lost in the mta
mutant background.
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Figure 2.7 m6A Modification on Protein-Coding mRNAs Inhibits Local Ribonucleolytic Cleavage 4
or 5 nt Upstream of m6A Sites (A) Number of Col-0 m6A peaks that are significantly less cleaved
in mta relative to Col-0 (green bar) compared to the opposite cleavage pattern (purple bar). (B)
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Number of normalized cleavage events occurring in Col-0 m6A peaks as determined using
GMUCT 5′ read ends from Col-0 (green box) as compared to mta (purple box) adult leaf
libraries. ∗∗∗ denotes p value < 0.001; Wilcoxon ranked sum test. (C) Three motifs discovered
within 15 nt of the highest cleaved nucleotide within m6A peaks. The motif on the top left
represents the canonical m6A motif, the motif on the bottom left is a U-rich motif that represent
sites of protein binding, and the motif on the top right appears to be a non-canonical m6A motif.
(D) Enrichment of the specified motifs (x axis) within 25 nt up- (blue bars) and downstream (red
bars) of the most cleaved nucleotide in Col-0 m6A peaks. ∗∗∗denotes p value < 0.001; chi-square
test. (E) The number of As that occur in the RRACH context in the immediate vicinity of the most
cleaved nucleotide within Col-0 m6A peaks. The scissors denote the most cleaved nucleotide.
Circles to the left of the scissors represent nucleotides 5′ of the cleavage site, and those to the
right are nucleotides 3′ of these sites. Only the first A found in this sequence context in both
directions is counted on this graph. ∗∗∗ denotes nucleotides with p values < 0.001; chi-square test.
We next established whether there was a preferred position for these enriched motifs
with respect to the cleavage sites that were highly cleaved in the absence of m6A. To address
this, we took the sequences 25 nt up and downstream of each highly cleaved position. We then
used the motif enrichment algorithm “homer2 known” (Heinz et al., 2010) to compare the relative
enrichment of GGAU, U-rich (UUUUU), and RRACH motifs in upstream over downstream
regions. Strikingly, we observed a significant enrichment (p value < 0.001, chi-squared test) for
the RRACH and GGAU sequence motifs downstream of cleavage sites induced by m6A loss,
whereas the U-rich motif was significantly (p value < 0.001, chi-squared test) enriched upstream
of these highly cleaved sites (Figure 2.7D) when compared to downstream. These results
indicated there are significant sequence preferences around m6A sites that are associated with
the cleavage of demethylated transcripts.
To elucidate if there was an optimal distance from an RRACH sequence for the cleavage
sites that increased in m6A deficient plants, we calculated the number of ‘modifiable’ adenosines
(the modifiable A in an RRACH context) occurring at each position upstream and downstream of
maximally cleaved sites in mta as compared to Col-0 plants. We found that cleavage occurs with
a clear bias for positions four and five nt upstream (5’) of a modifiable A (Figure 2.7E), and this
biased localization was extremely significant (p value < 0.001, chi-squared test) when compared
to all other nucleotides flanking these highly cleaved sites. Furthermore, a cross-linking induced
mutation sites (CIMS)-based analysis (Linder et al., 2015) of these regions suggests these

53

modifiable As are methylated in Col-0 and not in mta plants (Figure 2.6D). We also found
enrichment when we assessed As occurring within the GGAU motif (Figure 2.6 E-F), suggesting
GGAU may be a novel non-canonical Arabidopsis m6A motif that occurs with lower frequency
than the well-characterized RRACH context. It is possible that the polyA+ selection step in the
GMUCT protocol biases our findings of ribonucleolytic cleavage near m6A sites that are mostly 3’
UTR localized, but the nucleotide specificity of our findings and strong GMUCT read end signal
substantially 5’ of these regions strongly suggest against this possibility. In total, these results
suggest that m6A directly inhibits local ribonucleolytic cleavage of modified mRNAs in the
Arabidopsis adult leaf transcriptome. This mechanism was evident when we inspected browser
views of GMUCT, mRNA-seq, and m6A-seq reads at m6A cleavage sites in mta as compared to
Col-0 plants (Figures 2.10A and 2.11A).
In order to determine the pervasiveness of this m6A site dependent cleavage, we
calculated the most cleaved nucleotide in the entire 3’ UTR in all transcripts starting 15 nt
downstream of the stop codon. Once again, despite these cleavage sites having no a priori
association with m6A peaks, RRACH motifs were the first motif found using MEME (Bailey et al.,
2009) in both mta and Col-0 plants in these most highly cleaved 3’ UTR regions (data not shown).
This indicates that this m6A dependent inhibition of ribonucleolytic cleavage is an extraordinarily
strong and pervasive mechanism to regulate RNA stability in Arabidopsis transcripts.
We found that the m6A regulated cleavage sites that we identified contained sequences
that were U-rich upstream (5’) of this motif (Figures 2.7C-D). Therefore, we assessed overall
nucleotide composition within 50 nt windows (25 nt up and downstream) of m6A regulated
cleavage sites to determine the nucleotide biases displayed around these sites. From this
analysis, we found there was an easily observable preference of A nucleotides 4 and 5 nt
downstream (3’) of m6A regulated cleavage sites (Figures 2.7D-E).
2.2.7 DYNAMIC M6A METHYLATION STABILIZES TRANSCRIPTS ENCODING SALT
RESPONSE PROTEINS DURING RESPONSE TO THIS ABIOTIC STRESS
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We found that genes that are differentially abundant in mta compared to Col-0 are
enriched for genes encoding proteins involved in responses to both biotic and abiotic stresses,
including salt stress. Increased soil salt concentrations reduce both crop yield and survival. Given
that crop productivity is not increasing in parallel with food demand, it is essential to determine
mechanisms employed by plants to respond to such stresses to identify mechanisms that allow
the creation of stress resistant plants (Munns and Tester, 2008). Given that m6A appears to
regulate the abundance of transcripts encoding salt responsive proteins, we tested this
hypothesis with agriculturally-relevant salt stress treatments. To do this, we first allowed wild-type
Arabidopsis plants to grow for 2 weeks on soil under normal watering conditions. Subsequently,
we continued watering them with normal water conditions (control conditions) or by watering
Arabidopsis plants with 50 mM NaCl followed by 100 mM NaCl three days later (salt conditions).
For salt conditions, we continued watering with 100 mM NaCl for a total of 3 treatments with two
days in between each treatment (Figure 2.8A). At the conclusion of treatments, we collected the
4-week-old rosette leaves for all subsequent sequencing experiments.
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Figure 2.8 m6A-seq identifies bona fide m6A peaks in control- and salttreated Arabidopsis plants,
which display similar localization patterns to those observed in the 4-week-old Col-0 leaf
transcriptome, Related to Figure 4.(A) Overview of long-term, agriculturally-relevant salt stress
treatments. After two weeks of growth on soil with normal watering conditions, salt-treated plants
were watered every three days with increasing concentrations of NaCl in 50 mM increments until
the final salt concentration of 150 mM was reached. The salt treated plants were watered a total
of four times with 150 mM NaCl. The control plants were grown and watered on the same

56

schedule without the addition of NaCl to the wetting solution. Upon completion of treatments, the
rosette leaves of salt-treated plants were much smaller and darker green when compared to
control plants. These phenotypes were a result of decreased growth and increased stress
pigment production in the salt-treated plants. (B) The localization pattern of control- (blue) and
salt-specific (red) m6A peaks in Arabidopsis mRNAs. (C) Percentage of total control and salt highconfidence m6A peaks located in the specified regions of mRNA transcripts. Peaks that
overlapped a start or stop codon were designated as start or stop codon peaks. (D-E) Clustering
analysis of the mRNA-seq (D) and GMUCT (E) libraries for control and salt treated plants. HTSeq
was used to count the number of sequencing reads mapping to each gene in the TAIR10
transcriptome. Based on these HTSeq read counts from control- and salt-treated plants, the
libraries were clustered based on a correlation analysis via DESeq2 (Love et al., 2014). This
analysis revealed high levels of similarity within libraries

To determine the effects of long-term salt stress on m6A deposition, we performed m6Aseq using polyA+ RNA from both control (normal water) and salt treated 4-week-old leaves. Using
the peak calling algorithm MACS2 (Zhang et al., 2008), we identified a total of 23,009 and 25,448
m6A peaks in control and salt treated samples respectively. Of these, we found 15,106 (79.4%)
and 17,848 (84.8%) peaks were identified in both biological replicates of control and salt,
respectively (high-confidence peaks) (Figure 2.9A). While we observed that 88.5% of these highconfidence m6A peaks overlap for both treatment conditions, we also identified 1,731 and 4,473
m6A peaks that are unique to control (control-specific) and salt treatments (salt-specific),
respectively (Figure 2.9A). As expected, we found that m6A peaks identified for both conditions
were enriched in the 3’ UTR and stop codon regions (Figure 2.8B-C).
To determine the populations of transcripts that tended to display control- or salt-specific
m6A peaks, we performed a GO analysis using DAVID (Huang et al., 2009a) on transcripts that
have m6A peaks only in control or salt conditions (989 and 3,691 respectively). Interestingly, we
found that genes encoding proteins involved in water deprivation, response to osmotic and salt
stress, and response to karrikin (phytohormone hypothesized to be involved in abiotic stress
response (Li and Tran, 2015)) display salt-specific m6A peaks (Figure 2.9B). Conversely, genes
with control-specific m6A peaks were enriched for more general stress responses such as biotic,
light and temperature stresses (Figure 2.9B). In total, these results reveal that upon salt stress,
transcripts encoding proteins important for response to salt and osmotic stress gain m6A.
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Figure 2.9 Salt Stress Induces Changes in Transcriptome-wide m6A Deposition, Resulting in
Stabilization of the Newly Methylated Transcripts (A) (Top) Overlap of m6A peaks called by
MACS2 between biological replicates of control- (blue circles) and salt (red circles)-treated
Arabidopsis plants. Intersection of replicates indicates high-confidence m6A peaks. (Bottom)
Overlap between control (blue) and salt (red) treatment high-confidence m6A peaks is shown. (B)
Heatmap of Gene Ontology (GO) enrichment terms for transcripts that contain control- (left) or
salt-specific (right) m6A peaks. Heatmap colors correspond to p values associated with each GO
term. (C) Relative abundance of transcripts in salt- compared to control-treated plants (salt
divided by control) that contain control- (blue box) or salt-specific (red box) m6A peaks or all
others (gray box). (D) Relative levels of proportion uncapped for transcripts in salt compared to
control-treated plants (salt divided by control) for transcripts that contain a control-specific m6A
site (dark blue box) compared to those that do not (light blue box) as well as in transcripts that
contain a salt-specific m6A site (dark red box) compared to transcripts that do not (light red box).
∗∗∗ denotes p value < 0.001; Wilcoxon ranked sum test.

Since we found that m6A stabilizes transcripts by decreasing ribonucleolytic cleavage, we
hypothesized that m6A might be acting in a similar manner to protect salt responsive transcripts
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from degradation upon salt stress. To test this, we performed GMUCT and mRNA-seq using RNA
samples from control- and salt-treated 4-week-old leaves. The resulting GMUCT and mRNA-seq
libraries were sequenced and provided ~68-95 million single-end reads and ~28-31 million
paired-end mapped reads per library, respectively. To determine reproducibility, we used a
principle component analysis using HTseq accompanied with DESeq2 (Love et al., 2014) and
found that the two biological replicates for control and salt cluster together for both GMUCT and
mRNA-seq (Figures 2.8D-E), indicating the high quality and reproducibility of our GMUCT and
mRNA-seq libraries.
We then compared the transcript abundance during salt as compared to control
conditions (salt mRNA-seq RPM/control mRNA-seq RPM) for genes that have control- or saltspecific m6A peaks as compared to all other genes as a control. Interestingly, we found that
transcripts containing salt-specific m6A peaks are significantly (p value < 0.001, Wilcoxon t-test)
more abundant than those with control-specific m6A peaks as well as all other mRNAs detected
by our mRNA-seq experiments (Figure 2.9C). Furthermore, genes with salt-specific m6A peaks
are overall more abundant than the general population of mRNAs in salt compared to control
conditions (log2[salt mRNA-seq RPM/control mRNA-seq RPM] > 1), while the opposite was true
for transcripts with control-specific m6A peaks (Figure 2.9C). In total, these results demonstrate
that m6A is deposited on transcripts encoding salt response proteins, where its presence results
in an increase of abundance specifically during response to this abiotic stress.
To determine if this increase in abundance of transcripts containing salt-specific m6A
peaks was due to an increase in stability, we again calculated the proportion uncapped metric for
each transcript in both control and salt treatment. We then took the log2 ratio of proportion
uncapped in salt compared to control conditions to examine the stability of transcripts with
control- or salt-specific m6A peaks. We found that transcripts with control-specific m6A peaks are
significantly (p value < 0.001, Wilcoxon t-test) more degraded/cleaved (higher proportion
uncapped) compared to transcripts without these sites in salt as compared to control treatments
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(Figure 2.9D). Conversely, transcripts with salt-specific m6A peaks display significantly (p value <
0.001, Wilcoxon t-test) lower proportion uncapped, and thus are more stable compared to
transcripts without these sites (Figure 2.9D). In total, our findings reveal that m6A is dynamically
and specifically deposited on transcripts encoding salt and osmotic stress response proteins upon
agriculturally-relevant salt treatment, where its presence results in increased abundance and
stability of these classes of mRNAs.

2.3 DISCUSSION
While our understanding of the function of m6A has grown tremendously in the past
decade, we still lack a depth of understanding regarding the interplay between m6A and the
complex regulatory networks surrounding post-transcriptional fate of mRNA. Despite the extreme
prevalence of m6A throughout the transcriptomes of many model organisms, few high-throughput
studies have shed light on the mechanisms through which m6A accomplishes regulation of
transcripts, and the low-throughput mechanistic studies thus far rarely elucidate the scope of that
mechanism. Our study establishes a molecular mechanism by which m6A regulates plant mRNA
stability in the 4-week-old leaf transcriptome. Specifically, our study revealed that m6A generally
acts as a stabilizing factor in Arabidopsis leaf mRNAs through the widespread prevention of local
ribonucleolytic cleavage, especially during exposure to salt stress, where m6A is specifically
deposited on salt responsive transcripts where it confers increased mRNA stability.
To begin, our m6A-seq experiments using both mta and Col-0 4-week-old leaf tissue
demonstrated, as was previously suggested (Bodi et al., 2012b; Shen et al., 2016a), that MTA
has a major role in adding m6A to the 3’ end of mRNA in Arabidopsis (Figure 2.2A-D). We also
showed a high level of maintenance of m6A modifications between 5-day-old whole seedlings
(Shen et al., 2016a) and 4-week-old leaf tissue (Figure 2.1E). This finding, along with the GO
analysis of transcripts that contain m6A in the leaf transcriptome, suggests the possibility that m6A
is not limited to the role of moderating development and differentiation, but that this
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epitranscriptome mark also regulates transcripts encoding proteins that function in basic
metabolism throughout the plant life cycle.
Previous Arabidopsis m6A studies in undifferentiated tissue have found an association
between m6A loss and an increase in the abundance through stabilization of specific transcripts,
but this does not appear to be the overall trend in their transcriptome-wide data (Duan et al.,
2017b; Shen et al., 2016a). Furthermore, more recent studies in somatic transcripts demonstrate
an association between m6A and the stabilization of most modified transcripts (Wei et al., 2018b).
This destabilization occurs in the absence of ECT2, a member of the YTH protein family which
are known to recognize and directly bind m6A modifications. Here, we clearly demonstrate that
when 4-week-old leaf transcripts that normally contain m6A peaks lose this mark, the result is an
overall decrease in transcript abundance (Figure 2.3) through a decrease in stability (Figure 2.5).
Therefore, this destabilization may be accomplished in part by a decrease in m6A binding by YTH
proteins, such as ECT2, that normally provide occlusion of the nearby cleavage site. Future work
will be directed at addressing this hypothesis.
We also found a number of transcripts whose abundance and stability increases in the
absence (mta) as compared to presence of m6A (Col-0) in mature leaves, many of which were
also less cleaved in mta (Figures 2.5A-B and 2.6D-E). Thus, the previous studies as well as ours
suggest that m6A is a mostly stabilizing mark on plant mRNAs, but also destabilizes a handful of
specific target RNAs to effect different biological processes. Uncovering the mechanisms that
differentiate the two outcomes of modified transcript fate will require further testing in the future. It
is also worth noting that similar processes are likely occurring in mammalian systems (Liu et al.,
2017c).
Although previous studies in both plants and mammals have demonstrated the
widespread effects of m6A on the transcriptome, most of them lack a clear mechanism for these
post-transcriptional regulatory outcomes (Batista et al., 2014; Bodi et al., 2012b; Shen et al.,
2016a; Wang et al., 2014b). Here, we clearly demonstrate that m6A generally stabilizes
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transcripts (Figures 2.3). This stabilization is due to an inhibition of ribonucleolytic cleavage 4
and 5 nt directly upstream of m6A sites that we found occur in the RRACH and GGAU sequence
contexts (Figures 2.6 and 2.7). While we cannot be entirely sure that this is endonucleolytic as
compared to 5 - 3’ exonucleolytic cleavage, the specificity of the signal occurring precisely 4 and
5 nt upstream of m6A sites strongly suggest this is endonucleolytic cleavage performed by some
unknown endoribonuclease (Figures 2.6E and 2.7E). Furthermore, a U-rich motif and significant
enrichment in U content surrounding this endonucleolytic cleavage suggests a potential role for
heterogenous nuclear ribonucleoproteins (HNRNPs). HNRNPs are known to bind U-rich tracts on
mRNA near m6A modifications (Liu et al., 2015a, 2017c). In total, our results provide a clear
mechanism of local cleavage inhibition by m6A resulting in mRNA stabilization in the Arabidopsis
adult leaf transcriptome. Future work will be focused on directly demonstrating that the m6A sites
of specific loci can inhibit ribonucleolytic cleavage inhibition when methylated while a nonmethylatable mutant version of the transcript cannot be stabilized due to the absence of
methylation. Additionally, identifying the ribonuclease that cleaves these mRNA regions in the
absence and/or following removal of m6A at these sites is an important future direction. In total,
our results lead us to a model in which the absence of m6A results in transcriptome-wide
endonucleolytic cleavage, by a currently unidentified endoribonuclease, 4 and 5 nt upstream of
the now unmodified adenosine resulting in reduced transcript abundance (Figures 2.3, 2.6, 2.7,
and 2.10). This cleavage results in transcript intermediates that can be degraded by the normal 5’
– 3’ and 3’ – 5’ degradation machineries (XRN4 and the exosome, respectively) (Figures 2.6C-D,
2.10A-B, and 2.11A).
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Figure 2.10 Browser Views and Model of m6A-Regulated Ribonucleolytic mRNA Cleavage and
Subsequent Turnover (A) Browser views of two example transcripts demonstrating increased
proportion uncapped and cleavage 4 or 5 nt upstream of RRACH motifs (red asterisks) and
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reduced expression. Both of these examples were validated as being less stable in our stability
time course assay (Figure 3B). (B) Our results suggest a model in which the absence of m6A
induces endonucleolytic cleavage 4 or 5 nt upstream of the now unmodified adenosine by a
currently unidentified endoribonuclease. This cleavage results in transcript intermediates that can
be degraded by the normal 5′–3′ and 3′–5′ degradation machineries (XRN4 and the exosome,
respectively). (C) Upon salt stress, m6A is dynamically added to transcripts encoding salt stress
response proteins, preventing their degradation (bottom). Conversely, the lack of methylation on
these transcripts during control treatment allows cleavage-mediated destabilization (top). The
m6A-mediated transcript stabilization likely results in increased translation so the proteins can
confer proper salt stress response.

Due to increasing global population, the agriculture industry must dramatically increase
food production over the next 25 years. One of the major challenges to overcome is abiotic
stressors, such as salt stress, which limits crop survival and yield. Each year, an increasing
amount of agricultural land is becoming affected by salt due to increased use of irrigation water.
As water is absorbed by the plant or evaporates from the soil, salts remain and accumulate
(Hasanuzzaman et al., 2013). It is essential to study how plants respond to abiotic stress to better
understand how to engineer crops to withstand these traumatic insults and produce normal crop
yields even under these adverse conditions. Here, we demonstrate that m6A is dynamically
deposited on transcripts encoding proteins required for proper plant salt and osmotic responses
upon exposure to this abiotic stress in the model organism Arabidopsis. The addition of m6A
directly onto these populations of mRNAs during response to salt stress results in an overall
increase in the stability and thereby abundance of these transcripts by decreasing their normally
higher cleavage levels (Figures 2.9 and 2.11B). While further studies will be needed to test this,
we hypothesize that this stabilization likely allows the transcripts to be translated into proteins that
function in salt stress response, which can then function allow the plants to adapt to the increased
salt concentration in their environment (Figure 2.10C). Further studies are also needed to
examine whether this mechanism is shared among other closely and more distantly related crop
species such as Brassica rapa and Zea mays, respectively. In conclusion, the m6A-mediated
regulatory process we have described here provides a powerful post-transcriptional mechanism
for regulating transcript abundance under both normal and stress conditions in eukaryotic
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transcriptomes, and provides a means to dynamically shift stability onto populations of transcripts
needed for immediate responses to environmental insults.
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Figure 2.11 Browser views of m6A-mediated regulation of ribonucleolytic mRNA cleavage and
subsequent turnover, Related to Figures 2.2-5. (A) Additional browser views of example
transcripts (AT1G56423, AT1G07420, AT1G12250, and AT1G08680 (from top to bottom,
respectively)) demonstrating increased proportion uncapping and cleavage 4 and 5 nt upstream
of RRACH motifs (red asterisks) and reduced expression in mta (purple tracks) as compared to
Col-0 (green tracks). (B) Browser views of example transcripts (AT5G07790, AT5G61360, and
AT2G01120 (from top to bottom, respectively)) demonstrating increased cleavage 4 and 5 nt
upstream of RRACH motifs (red asterisks) and reduced expression in control- (blue tracks) as
compared to salt-treated (red tracks) plants.
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2.6 MATERIALS AND METHODS
2.6.1 PLANT MATERIALS
All plants were grown in controlled chambers with a cycle of 16 hours light and 8 hours
dark at 20°C. All experiments were performed using leaves 5-9 collected within the same 2 hour
circadian window between four and six hours after first light from all plant genotypes used in this
study. Since MTA is expressed under an embryonic promoter, leaves 5-9 were chosen as they
are far enough past embryonic development that they should lack most m6A.

For salt stress experiments, plants were grown on soil without fertilizer and instead
were initially watered with 0.25X Hoagland’s solution (D.R. Hoagland and D.I. Arnon, 1950).
Plants were watered with Hoagland’s solution for 2 weeks before control and salt treatments
began. Salt-treated plants were first watered with Hoagland’s solution with added 50 mM NaCl.
Two days later, they were watered again with Hoagland’s with added 100 mM NaCl. The flats
were then watered with 100 mM NaCl Hoagland’s solution every two days for a total of three
treatments. Control flats were watered at the same time as salt treated plants, with solely
Hoagland’s solution. Rosette leaves were collected from control and salt treated flats and
immediately flash frozen in liquid nitrogen.
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2.6.2 METHOD DETAILS
RNA ISOLATION
All experiments described in this study were performed with RNA extracted from leaves
5-9 homogenized using a liquid N2 cooled mortar and pestle. RNA was extracted from
homogenate using Qiazol lysis reagent, and further homogenized using Qiashredders (Qiagen,
Valencia, CA, USA). RNA was then isolated using Qiagen miRNEasy mini columns (Qiagen,
Valencia, CA, USA), as described in the included protocol. For RNA extractions from control and
salt treated leaves, tissue was ground in liquid N2, added to Qiazol lysis reagent and
homogenized using an OMNI tissue homogenizer (OMNI International, Kennesaw, GA, USA).
RNA was then isolated as described above. All RNA was then treated with RNase-free DNase
(Qiagen, Valencia, CA, USA) at RT for 30 minutes and ethanol precipitated.

POLYA+ MRNA SELECTION
Two rounds of polyA+ selection were performed using Dynabeads oligo DT bound beads
from the Dynabeads mRNA direct purification kit (61011, ThermoFisher, Waltham, MA, USA).
This process was performed as described in the Dynabeads mRNA direct purification kit for the
RNA samples used for RNA-seq, GMUCT, and m6A-seq.

M6A-SEQ
m6A-seq was performed using 7 μg of polyA+ selected mRNA per replicate (Col-0 and mta) or 3 μg of polyA+ selected mRNA per replicate (control and salt stress treated leaves).
Samples were placed at 75° Celsius for 5 minutes and then snap cooled on ice for 2 minutes.
Samples were brought to 686 μL with nuclease free water. Next, 10 μL RNaseOUT (Life
Technologies; Carlsbad, CA, USA), 200 μL 5X IP buffer (250 mM tris HCl, 750 mM NaCl, 0.5%
vol/vol Igepal[CA-6300]), and 3 μL of m6A antibody (ab151230, Abcam, Cambridge, UK) were
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added to samples which were rotated at 4° C for 2 hours. While rotating, Protein A bead slurry
was washed twice with 1 mL 1X IP buffer and resuspended in 1 mL 1X IP buffer, which was
supplemented with 0.5 mg/mL BSA and rotated for 2 hours at 4° C. After 2 hours, the RNA
samples were transferred into 3 cm cell culture dishes and cross-linked twice with 0.15 J/cm2 UV
light in an Agilent Stratalinker. Protein A beads were then pelleted using a magnetic strand and
washed twice using 1 mL 1X IP buffer. 250 μL of bead mixture and RNA samples were placed
into a 2 mL tube and rotated for 2 hours at 4° C. After 2 hours, beads were pelleted using a
magnetic stand, supernatant was removed, and stored at -80° C as unbound supernatant. Bead
bound samples were removed from beads by adding 95 μL proteinase K buffer, 5 μL of
proteinase K, and treated for 45 minutes at 50° C, agitating every ten minutes. Supernatant was
removed and stored at -80° C as the m6A+ sample. Beads were washed twice using 300 μL 1X
IP buffer. Supernatant from both washes were also stored as m6A+ samples. All samples were
precipitated using glycogen, NaOAc and 3X vol/vol 100% ethanol and kept at -80°C overnight.
m6A+ samples were then pooled after resuspension in nuclease free water. m6A+ and the
unbound supernatant samples were then prepared into libraries using a strand-specific RNA
sequencing library preparation protocol as previously described (Silverman et al, 2014).

RNA SEQUENCING
RNA sequencing (RNA-seq) of RNA samples from 4-week-old Col-0 and mta leaves was
performed using the Illumina TruSeq Stranded mRNA kit (20020594, Illumina, San Diego, CA,
USA) as described in the manual supplied with the kit. For control and salt stressed RNA-seq,
polyA+ RNA was first isolated as described above before library preparation was performed as
previously described (Silverman et al., 2014a).
GENOME-WIDE MAPPING OF UNCAPPED AND CLEAVED TRANSCRIPTS (GMUCT)
GMUCT libraries were constructed and sequenced for all samples used in this study as
previously described (Willmann et al., 2014).
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TRANSCRIPT STABILITY TIME COURSE
5-day-old seedlings (10 individuals per replicate) grown on 0.5X MS agar plates were
carefully transferred into 0.5X MS liquid growth media containing 10 μM Actinomycin D and 0.6
mM cordycepin. Plants were then harvested at 0 and 24 hours post-treatment. Total RNA was
extracted and reverse transcribed using oligo dT primers. Quantification of gene levels at 0 and
24 hours was performed using qRT-PCR.

2.6.3 QUANTIFICATION AND STATISTICAL ANALYSIS
M6A PEAK CALLING
To identify regions in which m6A modifications occurred, we used the peak calling
algorithm MACS2 on input files that had been separated into reads that mapped to the positive
and negative strand respectively. The MACS2 callpeak function was run with the following
parameters: --nomodel, --extsize 50, -p 5e-2, and –g 32542107. The –g option accounts for onehalf the size of the Arabidopsis transcriptome as input files were exclusively + or – stranded. As a
background for MACS2, we used our m6A- (m6A supernatant) samples, thus peaks were
identified as enriched upon pull down with the m6A antibody compared to background.
READ PROCESSING AND ALIGNMENT
Reads from all high-throughput RNA sequencing approaches were trimmed to remove 3’
sequencing adapters with Cutadapt (version 1.2.1 using parameters -e 0.06 -O 6 -m 14). The
resulting trimmed sequences were aligned to the TAIR10 Arabidopsis genome sequence using
STAR (version 2.4.0 with parameters --clip3pAdapterSeeq TGGAATTCTCGGGTGCCAAGG and
for m6A-seq libraries the parameter –bamRemoveDuplicatesType UniqueIdentical).
DIFFERENTIAL ABUNDANCE ANALYSIS
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Gene counts for each transcript were called using HTseq-count on aligned RNA-seq
reads using the parameters --format=bam --stranded=reverse --mode=intersection-strict.
Differentially abundant genes were called using the R package DESeq2 (Love et al., 2014) on all
replicates of mta and Col-0 using default parameters. Validaiton of the differential transcript
abundances was done using qRT-PCR.

GENERATION OF UNMODIFIED RANDOM CONTROL SITES
We generated control sites that lacked m6A modifications by using the bedtools function
shuffleBed. Parameter –i was used to shuffle m6A peaks into random sites, parameter -incl was
used to constrain shuffling to regions that were at or 3’ of 50 nt upstream of stop codons in
unmodified transcripts.
HIGHLY CLEAVED SITE ANALYSIS
To identify highly cleaved sites within m6A peaks, we calculated the read coverage of
only the 5’ ends of GMUCT reads within each m6A peak and defined the position with the highest
5’ end read coverage as the most cleaved.
STATISTICAL TESTING OF MOTIF ENRICHMENTS
Testing for enrichment of a particular motif within a window was performed using the
motif enrichment analysis algorithm Homer2 known (Heinz et al., 2010).
STATISTICAL TESTING OF INTERACTIONS
Analysis of 2-way interactions was performed using a hypergeometric enrichment
analysis with total population defined as all genes that appear in either genotype. In order to test
3-way interactions a 2x2x2 Log-linear analysis was used.
IDENTIFICATION OF CROSS-LINKING INDUCED MUTATION SITES (CIMS)
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To do this, we trimmed adapters from m6A+ library fastq files using cutadapt and
subsequently converted these files to fasta format. PCR duplicates were collapsed and aligned
using Novalign with parameters -l 15 -s 1. Mismatch files were generated
using novoalign2bed.pl with parameters -v –mismatch-file as previously described (WeynVanhentenryck et al., 2014). Peaks were called with respect to strand using tag2profile with
parameters -v -ss -exact. Mutations were extracted to unique CIMS tags using the tool
joinWrapper. CIMS were then filtered into candidate A or C's that were mutated and that had a
frequency score of > 30.
2.6.4 DATA AND SOFTWARE AVAILABILITY
Accession numbers
The raw and processed data for m6A-seq, RNA-seq, and GMUCT from our analyses of
both Col-0 and mta adult leaves as well as control and salt stressed tissue have been deposited
into the NCBI Gene Expression Omnibus (GEO) database under the accession number
GSE108852.
GENOME BROWSER AVAILABILITY
The sequencing data presented here is also available through the EPIC-CoGe genome
browser (Lyons and Freeling, 2008): https://genomevolution.org/coge/NotebookView.pl?nid=2228
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CHAPTER 3: M6A IS ASSOCIATED WITH LOCAL INHIBITION OF MRNA SECONDARY
STRUCURE AND GLOBAL CHANGES IN RNA-PROTEIN INTERACTIONS

Abstract: N6-methyladenosine (m6A) is the most abundant known non-cap modification in the
eukaryotic transcriptome. m6A influences transcript fate in many different ways in a variety of
organisms, often through modulation of RNA-protein interactions across the transcriptome.
RNA-protein interactions in mammals can sometimes be governed by changes in local secondary
structure on transcripts that may be induced by the presence of m6A. Despite these known
mammalian mechanisms of action, the transcriptome-wide influence of m6A on RNA secondary
structure and RNA-protein interactions is largely unclear in plants. Here, we describe the
transcriptome-wide influence of m6A on secondary structure and RNA-protein interactions. We
demonstrate that m6A in Arabidopsis inhibits the formation of local secondary structure and
both promotes and inhibits RNA-protein interactions across the transcriptome. We further
demonstrate that these changes in secondary structure are largely associated with
ribonucleolytic cleavage sites, suggesting a potential regulator of this m6A-regulated cleavagemediated transcript destabilization.

3.1 INTRODUCTION
Post-transcriptional gene regulation is accomplished through a complex network of cisand trans-acting factors that all contribute to determining the fate of any given transcript. The
interaction of a transcript with trans-acting factors, such as RNA binding proteins (RBPs) is often
influenced by cis-acting factors such as RNA sequence elements, RNA secondary structure, and
covalent RNA modifications (Gehring et al., 2017; Kramer et al., 2018; Liu et al., 2017c). The
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relationship between many cis- and trans-acting regulatory factors is unclear despite these
regulatory factors being essential to carry out many forms of post-transcriptional regulation. All of
these regulatory factors are known to influence eukaryotic splicing, polyadenylation, localization,
stability, translation and more (Bartosovic et al., 2017; Gosai et al., 2015a; Ji et al., 2009; Li et al.,
2017; Meyer et al., 2015; Shen et al., 2016a; Wang et al., 2014b).
Of the many elements known to regulate RNA fate, covalent modifications added to RNA
is one of the most recently investigated modes of influencing RNA fate. Dozens of covalently
modified ribonucleotides exist (Machnicka et al., 2013b), many of which have known impacts on
various non-coding RNAs such as the stability and structure of tRNAs and rRNAs (Sloan et al.,
2016; Tuorto et al., 2012). In messenger RNA (mRNA), however, the RNA modification
landscape is less well understood. The most abundant and best-understood internal mRNA
modification in eukaryotes is N6-methyladenosine (m6A) (Bartosovic et al., 2017). The importance
of m6A has been described in numerous organisms where it is necessary for a number of
regulatory processes including proper development (Geula et al., 2015; Shen et al., 2016b; Zhao
et al., 2017b), splicing (Bartosovic et al., 2017; Haussmann et al., 2016; Xiao et al., 2016),
polyadenylation, transcript stabilization/destabilization (Huang et al., 2018; Shen et al., 2016b;
Wang et al., 2014b; Wei et al., 2018b), and more. Furthermore, all of these processes are
regulated by m6A in a phylogenetically diverse set of organisms.
In many cases, m6A influences these processes by mediating RNA-protein interactions
(Meyer and Jaffrey, 2017). These interactions often occur directly between m6A and a protein,
through RBPs known as m6A ‘readers’ that recognize and bind the m6A moiety itself. In some
cases, shown in mammalian systems, m6A can mediate RBP interactions indirectly through steric
inhibition of RNA intramolecular base pairing (Liu et al., 2015a, 2017c; Roost et al., 2015). This
disruption of local secondary structure allows RBPs to bind to these tracts that are singlestranded in the presence of m6A but remain double-stranded and inaccessible to binding in the
absence of this mark.
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In plants, less is known about the influence of m6A on the plant transcriptome. m6A in
Arabidopsis thaliana (hereafter Arabidopsis) is deposited by a multi-protein complex of m6A
‘writers’ (reviewed in introduction) that includes the methyltransferase protein
METHYLTRANSFERASE A (MTA). MTA is responsible for the catalysis of most or all m6A
deposition in Arabidopsis, and deficiency in MTA or other m6A writer proteins results in embryonic
lethality (Bodi et al., 2012b). m6A in Arabidopsis has been shown to alter transcript stability both
through recruitment of reader proteins (Wei et al., 2018b) and through mechanisms that are asof-yet unclear. In Arabidopsis, this m6A-mediated regulation of the transcriptome occurs in a wide
range of contexts from undifferentiated to mature tissue and is employed in response to various
stressors such as viral infection or salt stress. How m6A is accomplishing these tasks is a
question that remains unanswered in many of these contexts, and improving our understanding of
the RBP and structural landscapes associated with m6A methylation is imperative for
understanding how m6A regulates these response.
In this study, we use wild-type plants of the Columbia ecotype (Col-0) and plants deficient
in m6A to broadly characterize the secondary structure and RBP landscape of the Arabidopsis
transcriptome in the presence and absence of m6A. Using protein-interaction profile sequencing
(PIP-seq) we show global changes in protein binding across transcripts that are m6A modified.
Furthermore, we observe local changes in protein binding and RNA-secondary structure within
the immediate vicinity of m6A modifications in Col-0 plants as compared to those same sites in
plants lacking m6A. Lastly, we are able to observe secondary structure changes in highly cleaved
regions predicted to be m6A peaks throughout the 3’ untranslated region (3’ UTR). In all, these
findings suggest that m6A is a crucial regulator of global secondary structure and RBP-RNA
interaction in plants. Additionally, we show that m6A sites can be predicted based on 3’ UTR
cleavage patterns as evidenced by secondary structure changes within these regions.
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3.2 RESULTS
3.2.1 M6A METHYLATION IS ASSOCIATED WITH INHIBITION OF LOCAL MRNA
SECONDARY STRUCTURE
It has been previously reported that m6A can regulate specific areas of mRNA secondary
structure in mammals (Liu et al., 2015b, 2017c). However, the global pervasiveness of this
structural regulation especially in plant transcriptomes has not been well-characterized. Previous
findings demonstrate sequences near Arabidopsis m6A-mediated cleavage sites contain poly-U
tracts (See chapter 2). U-tracts also occur near cases of m6A regulated secondary structure and
m6A-mediated protein binding in mammals (Liu et al., 2015a). This evidence suggested the
possibility of m6A-regulated RNA secondary structure and protein binding in our plant model. To
globally examine RNA secondary structure and RNA-protein interaction sites in the presence and
absence of m6A, we employed our protein interaction profile sequencing (PIP-seq) approach
(Silverman et al., 2014b) using RNA samples from leaves 5-9 of 4-week-old Col-0 and mta plants,
respectively. To globally identify RBP-bound RNA sequences, footprinting samples were directly
treated with an RNase specific to either ssRNA or dsRNA (ssRNase or dsRNase, respectively),
followed by protein denaturation and sequencing library preparation. In contrast, the structureonly samples first had proteins denatured in SDS and degraded with Proteinase K prior to RNase
digestion. Denaturation of proteins before RNase treatment makes sequences that were RBPbound in the footprinting sample accessible to RNases in these reactions. Thus, sequences that
are enriched in footprinting relative to structure only samples are identified as protein protected
sites (PPSs) (Gosai et al., 2015a; Silverman et al., 2014c). Additionally, using the structure-only
libraries allowed us to determine the native (protein-bound) RNA base-pairing probabilities for the
transcriptomes of adult leaves from mta and Col-0 plants, as previously described (Gosai et al.,
2015a; Li et al., 2012a).
The resulting PIP-seq libraries allowed us to identify ~13,000 transcripts with at least 50
reads per transcript in all replicates, which were used for downstream analyses. To further
determine reproducibility of these libraries, we used a principle component analysis of read
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coverage in 100 nucleotide (nt) bins. This revealed that biological replicates of each library from
the distinct genotypes cluster together (Figure 3.1A), indicating the high quality and reproducibility
of our Col-0 and mta 4-week-old leaf PIP-seq libraries.

Figure 3.1 PIP-seq is highly reproducible and identifies protein protected sites (PPSs) across the
Col-0 and mta genomes, Related to Figures 3.2-3.5. (A) Clustering analysis of all 16 PIP-seq
libraries. The TAIR10 genome was divided into 100 nt bins and mapped reads were counted for
each bin. The libraries were then clustered with the most similar libraries (the biological replicates
for each genotype) clustering together. (B) Comparison of average PhastCons scores between
Col-0 and mta PPSs (green bars) and equal sized flanking regions (orange bars). *** denotes pvalue < 0.001, K-S t-test. (C-D) Absolute distribution of Col-0 (C) and mta (D) PPSs throughout
regions of the Arabidopsis genome.

PIP-seq also allows for the determination of transcriptome-wide RNA secondary
structure. To characterize the influence of m6A on secondary structure, we examined the
structure score within a 300 nucleotide (nt) window around detectable mRNA stop codons, where
the majority of our high confidence m6A peaks resided, and also around the start codon (Figure
3.2A). The structure score is a generalized log ratio of ds- to ssRNA-seq reads at each nucleotide
position. These raw scores are then scaled by generating Z-scores (Berkowitz et al., 2016), with
higher and lower scores indicating more double- or single-stranded regions, respectively (see
Materials and Methods). From this analysis, we observed a significant increase (p value < 0.001,
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Wilcoxon ranked sum test) in secondary structure in mta compared to Col-0 plants immediately 3’
of the stop codon in transcripts containing m6A peaks, while no significant structural change was
seen around the start codon in these mRNAs (Figure 3.2A, top graph). This significant increase in
secondary structure persisted throughout the entire 150 nt region downstream of the stop codon.
In contrast, when we looked at secondary structure in these same locations in transcripts without
detectable m6A peaks in Col-0 and mta, we saw no significant change in RNA secondary
structure (Figure 3.2A, bottom graph). These results indicated that this change in mRNA
secondary structure in m6A-containing transcripts is dependent on the presence versus absence
of this epitranscriptome mark in Col-0 compared to mta plants.
To more directly probe if this elevated secondary structure near the stop codon in m6A
containing transcripts in mta as compared to Col-0 plants was directly detectable nearby and/or at
m6A sites, we examined secondary structure 50 nt up- and downstream of m6A peak centers.
From this analysis, we observed a significant (p value < 0.001, Wilcoxon ranked sum test)
increase in RNA secondary structure in these regions in mta plants as compared to Col-0 (Figure
3.2B, top graph). When we looked for structural changes in the same number of randomlyselected similarly-sized mRNA regions from the same 3’ UTR and stop codon areas of
transcripts that did not contain detectable m6A peaks, we did not detect a significant difference in
secondary structure between mta and Col-0 (Figure 3.2B, bottom graph).
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Figure 3.2 m6A regulated cleavage sites display significant structural changes in the presence
compared to the absence of this epitranscriptome mark (A) The log2 fold change (mta/Col-0) in
structure score at cleaved m6A sites (teal box) as compared with random similarly sized regions
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with a similar transcriptomic distribution in transcripts without m6A (light brown box). *** denotes p
value < 0.001, chi-squared test.

3.2.2 M6A REGULATED CLEAVAGE SITES DISPLAY SIGNIFICANT STRUCTURAL CHANGES
IN THE PRESENCE COMPARED TO THE ABSENCE OF THIS EPITRANSCRIPTOMIC MARK
To test if the m6A-regulated 3’ UTR cleavage sites that are more cleaved in mta
compared to Col-0 plants (see Chapter 2) were also associated with elevated secondary
structure, we examined secondary structure scores 50 nt up- and downstream of these regions.
We observed a significant (p value < 0.001, Wilcoxon ranked sum test) increase in secondary
structure specifically within these regions in mta compared to Col-0 plants (Figure 3.2C, top
graph). This increase was once again not observed in random collections of similarly-sized
mRNA regions from the same 3’ UTR and stop codon areas of transcripts that did not contain
detectable m6A peaks (Figure 3.2C, bottom graph). These results suggest that m6A within the
regions of high cleavage in mta compared to Col-0 plants effects the local structural arrangement.
Taken together, these findings reveal m6A is a regulator of mRNA secondary structure in 3’ UTR
regions of Arabidopsis adult leaf transcripts that contain this epitranscriptome mark.
To further investigate the structural arrangement around m6A-regulated mRNA cleavage
sites in the presence compared to the absence of this mark, we calculated the log2 ratio of
structure score between m6A deficient (mta) and Col-0 plants in these regions compared to
windows of the same size that were randomly selected from the similar areas of unmodified
transcripts. From this analysis, we found a significant (p value < 0.001, chi-squared test) change
in the log2 ratio of structure score between m6A deficient (mta) and Col-0 plants for these regions
of high cleavage as compared to the unmodified control regions (Figure 3.3A). To look more
closely at the structural changes occurring in these m6A regulated cleavage sites in the presence
and absence of this epitranscriptome mark, we used the structure scores obtained from the PIPseq analyses in Col-0 and mta plants to constrain the RNAFold (Lorenz et al., 2011) algorithm to
obtain structural models for these two genotypes. Using this approach, we found that many of
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these m6A regulated cleavage regions were almost entirely unstructured in Col-0, but become
highly base paired in mta plants that are deficient in this epitranscriptome mark (Figures 3.3 B-C).
In total, our results reveal these regions around m6A regulated cleavage sites demonstrate
structural rearrangements in the presence compared to the absence of this epitranscriptome
mark.

Figure 3.3 m6A regulated cleavage sites display significant structural changes in the presence
compared to the absence of this epitranscriptome mark (A) The log2 fold change (mta/Col-0) in
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structure score at cleaved m6A sites (teal box) as compared with random similarly sized regions
with a similar transcriptomic distribution in transcripts without m6A (light brown box). *** denotes p
value < 0.001, chi-squared test. 29 (B-C) Models of secondary structure for Arabidopsis (B)
AT4G34370 and (C) AT1G48410 transcripts determined by Col-0 (left models) or mta (right
models) PIP-seq constrained parameters using RNAfold (Lorenz et al., 2011). The normalized
cleavage value of each nucleotide determined using GMUCT data from the indicated genotype is
presented based on the red color intensity, and the values of these colors can be determined
using the provided scale bars. Modifiable A’s occurring in the RRACH sequence context are
indicated with blue circles in Col-0 and * in mta models. This is to represent the methyl group
being present in Col-0 and absent in the m6A deficient (mta) plants.

3.2.3 TRANSCRIPTOME-WIDE RBP ASSOCIATION IS ALTERED IN THE ABSENCE OF M6A
To identify PPSs, we used a Poisson distribution model to identify enriched regions in the
footprinting compared to the structure only libraries at a false discovery rate (FDR) of 5%, as
previously described (Gosai et al., 2015a). We identified a total of 18,001 and 15,267 PPSs in
mta and Col-0 leaves, respectively. To estimate the functional relevance of these PPSs from both
genotypes, we compared flowering plant PhastCons conservation scores (Li et al., 2012a) for
PPSs and equal-sized flanking regions. We found that PPS sequences were signifcantly (p
values < 0.001, KS-test) more evolutionarily conserved than flanking regions in both genotypes
(Figure 3.1B), indicating that there is evolutionary pressure to constrain these sites, likely due to
their ability to interact with RBPs (Gosai et al., 2015a). Overall, the identification of evolutionarily
conserved RBP bound sequences in both genotypes further validates the quality of our PIP-seq
libraries.

Figure 3.4 Per nucleotide relative distribution of PPSs in 3 different categories of transcripts. Teal,
yellow, orange, red, and purple represent CDS, 3’UTR, Intron, 5’UTR, and non-coding RNA
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(ncRNA), respectively. (A) Localization of PPSs occurring exclusively in Col-0. (B) PPSs
occurring exclusively in mta (C) PPSs found in both Col-0 and mta.

In order to elucidate any discernable difference in the PPS localization pattern in the
presence versus the absence of m6A, we split transcript localized PPSs into 3 categories: PPSs
found only in Col-0 plants (Col-0 unique PPSs), PPSs found only in mta plants (mta unique
PPSs) and PPSs found in both genotypes (Shared PPSs). In all 3 PPS categories, we observed
that the vast majority of PPSs occurred in CDSs, potentially representing a ribosomal population
(Fig 3.4 A-C), with the other cohorts being represented by introns, 5’ UTRs, and 3’ UTRs from
most to least PPSs, respectively. Interestingly, the greatest non-CDS discrepancy in PPS
localization between Col-0 and m6A deficient plants was observed in the introns, where 31.5% of
Col-0 unique PPSs were observed in the introns whereas only 17.2% of mta unique PPSs
localized to the introns. Interestingly, these intronic changes are found despite no substantial
differences in alternative splicing having been observed between these two genotypes in our
work (see Chapter 2), and that of others (Bodi et al., 2012b).
We next wanted to characterize any changes in RBP localization across transcripts that
contained m6A. There were 2,015 transcripts that contained PPSs unique to Col-0 plants, of
which 879 overlapped m6A containing transcripts, representing a significant enrichment over
unique PPSs overlapping transcripts without m6A (Chi squared test p < 0.05 (Figure 3.5A). A
similar trend was found for mta unique PPSs, where 1157 of 2331 transcripts containing an mta
unique PPS also contained an m6A site (chi-squared test p < 0.05) (Figure 3.5B). There was no
significant association between transcripts that contained shared PPSs and m6A (Figure 3.5C).
These associations indicate a potential interaction between m6A modifications and genotypespecific RNA-protein interactions across the mta and Col-0 transcriptomes (Figure 3.5A-D). This
suggests m6A may be acting as an on/off switch for different RNA-RBP interactions for various
transcriptomes. These preferential associations of unique PPS containing mRNAs with m6A
indicated that m6A was broadly influencing RNA-protein interactions across the transcriptome.
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Figure 3.5 Overlaps of various classes of PPS-containing genes with m6A-containing genes (left-

side Venn diagrams) and overlaps with transcripts lacking m6A (right-side Venn diagrams). *** =
p-value < 0.001 for over-enrichment, * = p-value < 0.05 for over-enrichment, * = p-value < 0.05 for
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under-enrichment, N.S. = not significant (A) On the left is the overlap of Col-0 unique PPS
containing transcripts with mRNAs that contain an m6A site. On the right is the overlap of Col-0
unique PPS containing mRNAs with transcripts that contain no m6A site (B) On the left is an
overlap of mta unique PPS containing transcripts with mRNAs that contain an m6A site. On the
right is the overlap of mta unique PPS containing transcripts with mRNAs that contain no m6A site
(C) On the left is an overlap of shared PPS containing transcripts with mRNAs that contain an
m6A site. On the right is the overlap of shared PPS containing transcripts with mRNAs that
contain no m6A site (D) On the left is an overlap of mRNAs without PPSs with transcripts that
contain an m6A site. On the right is the overlap of transcripts without PPSs and with mRNAs that
contain no m6A site

3.2.4 UNIQUELY BOUND COL-0 AND MTA TRANSCRIPTS ENCODE GENES REGULATING
DIFFERENT CELLULAR COMPONENTS AND BIOLOGICAL PROCESSES
We next wanted to characterize what, if any, enrichment for specific processes were
found in mta compared to Col-0 bound transcripts. In order to address this question, we used the
Gene Ontology (GO) analysis program AgriGo (Tian et al., 2017) to compare Col-0 unique, mta
unique, and shared PPSs in introns, 5’ UTRs, and 3’ UTRs. We chose to exclude the CDS bound
PPSs from this analysis as we could not confidently distinguish between PPSs from RBPs
important for transcript regulation and PPSs derived from ribosomes.
In the 5’ UTRs, a dearth of significant GO terms was observed, with no significant terms
enriched for mta unique or shared PPSs. Transcripts containing Col-0 unique PPSs, however, did
demonstrate a significant enrichment for several component terms including cytosolic ribosome
and cell-cell junction (Table 3.1). The introns, where the greatest discrepancy of RBP localization
was seen between Col-0 and mta, a greater number of GO terms were seen for transcripts
containing unique PPSs. In Col-0 unique PPSs, there was enrichment for peroxisome and
vacuolar-associated component GO terms. In mta unique PPSs, however, there was a significant
enrichment for over 150 function terms, the most significant of which included terms involved in
monosaccharide metabolism, pyruvate metabolism, fluid transport, and carbohydrate catabolism
(Table 3.1). These data are intriguing as there was enrichment for cellular components rather
than function in Col-0 transcripts for both 5’ UTR and intronic unique PPSs, suggesting m6A may
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be an important marker for transcript localization, whereas mta unique PPSs demonstrated a
wide variety of enrichment for many basic metabolic terms, which should be investigated further
to see how these RNA-protein interactions may be regulating the transcriptome. There was no
significant enrichment for terms in the shared category for either intronic or 5’ UTR associated
PPSs (Table 3.1).

Table 3.1 The GO terms for transcripts containing Col-0 unique (green), mta unique(purple), or
shared (red) PPSs within their (from top to bottom segments on chart) 5’ UTRs, introns, and 3’
UTRs.
In the 3’UTR, many significant GO terms were observed in both Col-0 and mta categories
of unique PPSs. This is, perhaps, unsurprising as the majority of m6A localizes to the 3’ UTR, and
3’ UTRs have been well characterized as sites of RNA-protein interactions that have ramifications
on transcript fate. Transcripts with unique Col-0 PPSs contained many functional terms encoding
stress response terms. Terms such as MAPKKK cascade, systemic acquired resistance, and
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detection of biotic stimulus were representative of the classes of functions terms found in this
group (Table 3.1). In transcripts with mta unique PPSs, there were many GO terms similar to the
functional terms found in the transcripts with intronic mta unique PPSs such as water transport
and glycolysis. Transcripts with shared PPSs once again had no significant enrichment for any
GO terms (Table 3.1).

3.3 DISCUSSION
In this study, we identify an association between m6A and transcriptome-wide local
inhibition of secondary structure. This structural modulation, found throughout Col-0 m6A sites
may represent an important mechanism for post-transcriptional regulation of mRNA in
Arabidopsis, as sites of m6A-regulated cleavage appear highly associated with these changes in
secondary structure. This windows with significant differences in secondary structure within m6A
peaks between mta and Col-0 tended to be ~75 nt in size, although this estimate is likely inexact
due to the lack of single nt resolution of m6A and the inability to say whether a given region was
modified at multiple sites. Despite this, the structural inhibition was most prevalent over peak
centers, suggesting that it is the m6A modification itself where the secondary structure is most
alleviated
We were also able to demonstrate a clear link between highly cleaved 3’ UTR sites in
mta and the hallmarks of m6A structural inhibition in Col-0. This demonstrated that singlestrandedness is associated with transcript stability, as cleavage was occurring in regions that
were highly structured in the absence of m6A. Furthermore, this demonstrates that the most
highly cleaved nucleotide throughout mta 3’UTRs often corresponds to an unmodified m6A site.
Looking for highly cleaved sites in m6A deficient mutants may then serve as a potentially powerful
and novel method for prediction of m6A-modified sites that occur even when m6A-seq data is
unavailable.
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This association suggests m6A dependent modulation of mRNA secondary structure may
be a mechanism through which transcript stability is modulated, and future work should be
performed investigating how secondary structure in these regions can influence transcript fate.
Furthermore, these data exhibited an easily observable valley in Col-0 secondary structure
immediately over these mta cleavage sites. While these regions were still highly structured
relative to their mta counterparts, it is tempting to speculate that this dip may represent the loop
end of a stem-loop formation that occurs immediately around these regions. Further work should
be done to elucidate the regulatory and structural elements found within these differentially
cleaved and differentially structured sites found throughout the 3’ UTR of modified transcripts in
the absence of this mark.
We were also able to discern intriguing localization patterns for RNA-protein interactions
between Col-0 and mta. We found that transcripts with an m6A site were significantly more likely
to contain a PPS when compared to those lacking evidence for m6A methylation. Intriguingly, mta
or Col-0 unique PPSs were nearly equally likely to be found on transcripts that contained an m6A
site, suggesting that m6A serves as a regulator of RNA-protein interactions in a manner that
varies from transcript to transcript. While no difference in binding rate was observed between m6A
modified transcripts and these unique PPSs, there was substantial enrichment for specific GO
terms in unique PPSs, particularly in transcript 3’ UTRs and introns. This suggests that m6A may
serve to govern RNA-protein interactions within specific regulatory programs within the
Arabidopsis transcriptome. The most evident programs that seemed to be influenced were stress
response and metabolism in Col-0 and mta, respectively. This trend is anti-correlated with
observations made regarding transcript abundance in mta and Col-0 and suggests that these
RNA-protein interactions may serve to downregulate these particular programs in their respective
genotypes. Further experimentation needs to be done to elucidate which RNA-protein interactions
are being influenced by m6A and to determine how this epitranscriptome mark is able to
subsquently regulate these important biological processes in plants.
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3.4 MATERIALS AND METHODS
PLANT MATERIALS
All plants were grown in controlled chambers with a cycle of 16 hours light and 8 hours
dark at 20°C. All experiments were performed using leaves 5-9 collected within the same 2 hour
circadian window between four and six hours after first light from all plant genotypes used in this
study. Since MTA is expressed under an embryonic promoter, leaves 5-9 were chosen as they
are far enough past embryonic development that they should lack most m6A.
HIGHLY CLEAVED SITE ANALYSIS
To identify highly cleaved sites within 3’UTRs, we calculated the read coverage of only
the 5’ ends of GMUCT reads within each m6A peak and defined the position with the highest 5’
end read coverage as the most cleaved.
IDENTIFICATION OF PPSS
A modified version of the CSAR software package was used to call PPSs. Read
coverage was calculated for each nucleotide position. Enrichment scores for footprint
versus structure only libraries were assigned using a Poisson test. PPSs were called
with an FDR of 5% as described previously (Gosai et al., 2015; Silverman et al., 2014).
CALCULATING THE STRUCTURE SCORE STATISTIC
We calculated the sense-mapping dsRNA-seq and ssRNA-seq coverages for each base
in detectable transcripts from structure only samples in each replicate, then calculated the
structure score as described previously (Gosai et al., 2015). Briefly, when given the
dsRNA-seq and ssRNA-seq coverages ( ) of a given base i, the structure score is
determined as:
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where Si is the structure score, dsi and ssi are the normalized read coverages, Lds and Lss
are the total covered length by mapped dsRNA-seq and ssRNA-seq reads, respectively. The total
coverage length was used as the normalization constant instead of the total number of mapped
reads used previously, because we believe it is a more reasonable assumption for the
transcriptome to have comparable levels of paired/unpaired regions. It is of note that we used a
generalized log ratio (glog) instead of normal log-odds because it can tolerate 0 values (positions
with no dsRNA or ssRNA read coverage) as well as being asymptotically equivalent to the
standard log ratio when the coverage values are large. Only sense-mapping reads were used, as
we are entirely concerned with the intra-molecular interactions contributing to the self-folding
secondary structure.

STRUCTURE SCORE ANALYSIS
For all analyses using structure scores, the structure score for each base was assigned
based on the calculations described above. An additional requirement of at least 50
reads mapping across the transcript in both genotypes was required for any read to be
considered for structural analyses. Each transcript's average secondary structure was
then calculated, and that average score was subtracted from the score at each position
to eliminate any general biases in replicates or genotypes. To generate profiles, the Zscore of the
structure score was calculated for each nucleotide with respect to the graphed window as
previously described (Berkowitz et al., 2016). For analyses around the start and stop codons, the
average normalized structure score in each genotype was calculated at each nucleotide within
150 nt of the start and stop codon. For secondary structure within m6A peaks, average total
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normalized structure score at each nucleotide in each genotype was calculated for 49 nt
upstream and 50 nt downstream of m6A peak centers. For secondary structure around highly
cleaved 3’ UTR sites more than 18 nt downstream of the UTR, average total normalized structure
score at each nucleotide in each genotype was calculated for 49 nt upstream and 50 nt
downstream of the most cleaved site in each 3’ UTR.
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CHAPTER 4: Nuclear m6A reader YTHDC1 regulates alternative polyadenylation and
splicing during mouse oocyte development
This section refers to work in: Seth D. Kasowitz , Jun Ma , Stephen J. Anderson, N. Adrian Leu,
Yang Xu, Brian D. Gregory, Richard M. Schultz, P. Jeremy Wang. 2018. “Nuclear m6A reader
YTHDC1 regulates alternative polyadenylation and splicing during mouse oocyte development”
PLOS Genetics: 1007412
Abstract: The N6-methyladenosine (m6A) modification is the most prevalent internal RNA
modification in eukaryotes. The majority of m6A sites are found in the last exon and 3’ UTRs.
Here we show that the nuclear m6A reader YTHDC1 is essential for embryo viability and germline
development in mouse. Specifically, YTHDC1 is required for spermatogonial development in
males and for oocyte growth and maturation in females; Ythdc1-deficient oocytes are blocked at
the primary follicle stage. Strikingly, loss of YTHDC1 leads to extensive alternative
polyadenylation in oocytes, altering 3’ UTR length. Furthermore, YTHDC1 deficiency causes
massive alternative splicing defects in oocytes. The majority of splicing defects in mutant oocytes
are rescued by introducing wild-type, but not m6A-binding-deficient, YTHDC1. YTHDC1 is
associated with the pre-mRNA 3’ end processing factors CPSF6, SRSF3, and SRSF7. Thus,
YTHDC1 plays a critical role in processing of pre-mRNA transcripts in the oocyte nucleus and
may have similar non-redundant roles throughout fetal development.

4.1 INTRODUCTION
More than one hundred different RNA modifications are known in eukaryotes (Machnicka
et al., 2013a). N6 -methyladenosine (m6A) is the most prevalent internal modification in eukaryote
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mRNAs, occurring in transcripts of approximately one third of genes in human and mouse (Liu
and Pan, 2016; Meyer and Jaffrey, 2014; Yue et al., 2015). Globally, mammalian m6A is enriched
in the 3’ most exons, long internal exons, and 5’ untranslated regions (UTRs) (Batista et al., 2014;
Dominissini et al., 2012; Meyer et al., 2012; Schwartz et al., 2014). In addition to mRNAs, m6A is
also present in long non-coding RNAs such as Xist, small nuclear RNAs, and ribosomal RNAs
(Patil et al., 2016; Piekna-Przybylska et al., 2008; Shimba et al., 1995). The m6A RNA
modification is widely conserved among eukaryotes including yeast, flies, and plants (Clancy et
al., 2002; Haussmann et al., 2016; Lence et al., 2016; Luo et al., 2014; Schwartz et al., 2013).
Generation of m6A is catalyzed by a multi-component methyltransferase (m6A writer)
consisting of methyltransferase-like 3 (METTL3), methyltransferase-like 14 (METTL14), and
Wilm’s tumor associated protein (WTAP) (Bokar et al., 1997; Liu et al., 2014; Ping et al., 2014;
Schwartz et al., 2014). m6A is a reversible modification and two m6A demethylases have been
identified: fat mass and obesity-associated protein (FTO) and alkB homolog 5 (ALKBH5) (Jia et
al., 2011; Zheng et al., 2013). Readers of the m6A mark preferentially bind to m6A and elicit
downstream functions. Five mammalian m6A readers contain the YTH (YT521-B homology)
domain: YTHDF1, 2, 3 and YTHDC1, 2 (Dominissini et al., 2012; Hsu et al., 2017; Wang et al.,
2014b; Xu et al., 2015, 2015). YTHDF1, 2, and 3 are cytoplasmic (Dominissini et al., 2012; Wang
et al., 2014b). YTHDC1 localizes to the nucleus in cultured mammalian somatic cells (Hartmann
et al., 1999; Nayler et al., 2000), whereas YTHDC2 is cytoplasmic in meiotic spermatocytes
(Abby et al., 2016; Bailey et al., 2017; Jain et al., 2018; Soh et al., 2017; Wojtas et al., 2017). The
m6A modification occurs preferentially at the conserved RRACH motif (R: G or A; H: A, C, or T)
(Schibler et al., 1977). The YTH domain is an RNA-binding motif (Zhang et al., 2010) and crystal
structural studies reveal that the YTH domain of YTHDC1 selectively binds to m6A in the
consensus motif (Xu et al., 2014b, 2015). In addition to the five YTH domain-containing m6A
readers, a number of RNA-binding proteins lacking a YTH domain are m6A readers: IGF2BP
proteins (Huang et al., 2018), FMR1 (Edupuganti et al., 2017), the translation initiation factor eIF3
complex (Meyer et al., 2015), HNRNPA2B1 (Alarcón et al., 2015; Wu et al., 2018), HNRNPC (Liu
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et al., 2015b), and HNRNPG (Liu et al., 2017c). The HNRNP family members are considered
“indirect” m6A readers, because m6A alters the local RNA structure to facilitate their binding to
m6A (Liu and Pan, 2016; Liu et al., 2015b, 2017c; Wu et al., 2018).
m6A functions in key RNA metabolic processes. m6A regulates gene expression
(Dominissini et al., 2012; Meyer et al., 2012), mRNA stability (Mauer et al., 2017; Wang et al.,
2014b), translation efficiency (Meyer et al., 2015; Wang et al., 2015), alternative splicing
(Haussmann et al., 2016; Lence et al., 2016; Xiao et al., 2016), and cytoplasmic mRNA turnover
(Ke et al., 2017; Wang et al., 2014b). m6A is also involved in a number of developmental
processes. In yeast, m6A formation occurs only during meiosis and is catalyzed by IME4, which is
the sequence homologue of mammalian METTL3 and induces meiosis (Clancy et al., 2002;
Schwartz et al., 2013). m6A modulates alternative splicing of Sxl (sex lethal) transcript and thus
sex determination in Drosophila (Haussmann et al., 2016; Lence et al., 2016). m6A is abundant
on the long non-coding RNA Xist and promotes Xist-mediated gene silencing during Xinactivation (Patil et al., 2016). Inactivation of Mettl3 in mouse or IME4 in Drosophila leads to
embryonic lethality, demonstrating an essential role for m6A in lineage differentiation (Geula et al.,
2015; Hongay and Orr-Weaver, 2011). Mouse Mettl3 is required for spermatogonial development
and spermatogenesis (Lin et al., 2017; Xu et al., 2017). Disruption of the m6A demethylase gene
Alkbh5 causes male infertility in mouse (Zheng et al., 2013), whereas YTHDC2 is required for
spermatogenesis and oogenesis in mouse (Bailey et al., 2017; Hsu et al., 2017; Jain et al., 2018;
Wojtas et al., 2017). YTHDF2-mediated clearance of maternal transcripts promotes zygotic
genome activation in zebrafish (Zhao et al., 2017b). Mouse YTHDF2 regulates maternal transcript
dosage and is essential for female fertility (Ivanova et al., 2017). In addition, knockdown studies
have uncovered a role of m6A in zebrafish development (Ping et al., 2014), circadian rhythm
(Fustin et al., 2013), cell reprogramming (Batista et al., 2014; Geula et al., 2015; Wang et al.,
2014c), and miRNA biogenesis and effects (Alarcón et al., 2015; Chen et al., 2015). Therefore,
m6A plays important roles in a large number of developmental processes.
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We previously identified YTHDC1 as a meiotic chromatin-associated protein in a
proteomic screen (Luo et al., 2013). YTHDC1 (initially referred to as YT521-B) changes
alternative splicing patterns in a concentration-dependent manner (Hartmann et al., 1999) and
localizes to nuclear speckles, which contain active transcription sites (Nayler et al., 2000).
Tyrosine phosphorylation of YTHDC1 regulates its intra-nuclear localization, thereby modulating
its effects on alternative splicing (Rafalska et al., 2004). YTHDC1 promotes exon inclusion by
recruitment of serine/arginine-rich (SR) splicing factor 3 (SRSF3), a pre-mRNA splicing factor
(Xiao et al., 2016). YTHDC1 facilitates nuclear export of m6A -containing mRNAs through SRSF3
and NXF1 (Roundtree et al., 2017c). Although these studies in cultured cells have provided
important insights into the function of YTHDC1, its requirement during development is unknown.
In addition, the biological function of accumulation of m6A sites in 3’ UTRs remains mysterious.
Here, we report that YTHDC1 is essential for embryonic development in the mouse. Using a
conditional inactivation approach, we find that YTHDC1 is required for survival of spermatogonia
in males and controls postnatal oocyte development in females. Strikingly, in addition to
alternative splicing defects, loss of YTHDC1 causes widespread alternative polyadenylation in
oocytes. Importantly, YTHDC1 is associated with SR proteins and pre-mRNA 3’ end processing
factors.

4.2 RESULTS
4.2.1 NUCLEAR LOCALIZATION OF YTHDC1 IN MALE GERM CELLS, OOCYTES AND
PREIMPLANTATION EMBRYOS
We examined expression of YTHDC1 in adult mouse tissues using polyclonal antibodies
raised against an N-terminal region of mouse YTHDC1 (Figure 4.3). Western blot analysis
showed that YTHDC1 was expressed in multiple adult mouse tissues including brain, testis, and
ovary, with an apparent molecular weight of ~120 kDa (Figure 4.1A). High levels of YTHDC1
were present in postnatal oocytes, MII eggs, and pre-implantation embryos, and low levels in
germinal vesicle (GV) stage oocytes (Figure 4.1B). The increase in YTHDC1 protein abundance
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between the GV oocyte stage and MII egg suggests that YTHDC1 is encoded by a dormant
maternal mRNA that is recruited during oocyte maturation. Immunostaining showed that YTHDC1
localized to the nucleus in postnatal oocytes and pre-implantation embryos, with the increase in
staining between the GV oocyte and MII egg being consistent with the immunoblotting results
(Figure 4.1C). The diffuse cytoplasmic signal of YTHDC1 and its increased abundance in MII
oocytes suggest that Ythdc1 is under translational control, possibly in preparation for zygotic
activation at the two-cell stage. The nuclear localization of YTHDC1 is consistent with a previous
finding that it is associated with chromatin (Luo et al., 2013). Notably, in postnatal day (PND) 5
and 12 oocytes, transcription is active and YTHDC1 is nuclear. In adult testis (Figure 4.2),
YTHDC1 is nuclear in spermatogonia, spermatocytes, and round spermatids, which are
transcriptionally active. However, YTHDC1 is absent in elongating and elongated spermatids,
which are transcriptionally inactive due to nuclear condensation (Figure 4.2). Therefore, the
nuclear localization of YTHDC1 in cells with active transcription suggests that it is involved in cotranscriptional and/or post-transcriptional regulations.
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Figure 4.1 Expression and subcellular localization of YTHDC1 in oocytes and pre-implantation
embryos. (A) YTHDC1 expression in adult mouse tissues. ACTB and TUBB (β-tubulin) served as
loading controls. Heart and skeletal muscle contain little ACTB. (B) Western blot analysis of
YTHDC1 in oocytes and pre-implantation embryos. TUBB served as a loading control. Note the
lower levels of YTHDC1 in GV-stage oocytes, when normalized to TUBB. (C) Localization of
YTHDC1 in oocytes and pre-implantation embryos. DNA was stained with Sytox green.
Abbreviations: P5, P12: postnatal days 5, 12; GV, germinal vesicle stage; MII, metaphase II; 1C,
2C, 4C: 1-cell, 2-cell, 4-cell embryos; M/B, morula/blastocyst.
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Figure 4.2 Nuclear localization of YTHDC1 in transcriptionally active male germ cells:
Spermatogonia, spermatocytes, and round spermatids. (A) Frozen testicular sections from 8week-old wild-type males were immunostained with anti-YTHDC1 and anti-SP10 antibodies.
SP10 (also called ACRV1) is a component of the acrosome and thus used for seminiferous tubule
staging (Reddi et al., 1995). DNA was stained with DAPI. Tubules at stages V, IX, and XII are
shown. Scale bar, 50 μm. (B) Summary of YTHDC1 protein expression during spermatogenesis.
The diagram of spermatogenesis was re-drawn as previously illustrated (Yang et al., 2007).
Expression of YTHDC1 protein is shown in green. Stages (I–XII) of spermatogenesis are shown.
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Spg, spermatogonia; PL, pre-leptotene; L, leptotene; Z, zygotene; P, pachytene; D, diplotene; M,
metaphase spermatocyte; RS, round spermatid; and ES, elongating spermatid.
4.2.2 YTHDC1 IS REQUIRED FOR EMBRYO VIABILITY
To determine the physiological function of Ythdc1, we generated a Ythdc1 floxed
(conditional) allele, referred to as Ythdc1fl , by gene targeting in embryonic stem (ES) cells
(Figure 4.3B). Ythdc1fl/fl mice were healthy and fully fertile. We next crossed Ythdc1fl/fl mice to
Actb-Cre mice, which express Cre ubiquitously, to obtain mice with a Ythdc1 null allele
(Ythdc1+/-) (Lewandoski et al., 1997). Cre-mediated excision of the floxed exons removes the
YTH domain and causes a frameshift in the resulting Ythdc1 mutant transcript (Figure 4.3B).
Intercrosses of Ythdc1+/- mice did not produce any Ythdc1-/- pups, suggesting that Ythdc1 is
essential for embryonic development (Figure 4.3C). To determine the time of developmental
failure, we genotyped fetuses recovered from intercrosses of Ythdc1+/- mice at embryonic day
8.5 (E8.5), E9.5, and E11.5. No Ythdc1-/- embryos were found at E11.5. Out of 9 embryos at
E8.5 and out of 33 embryos at E9.5, only one Ythdc1-/- embryo was found at each time point
(Figure 4.3B). Resorbed embryos were found at E8.5 through E11.5 and expected to be
homozygous mutants based on their Mendelian distribution (Figure 4.3B). These results show
that YTHDC1 is indispensable for embryo development past early post-implantation stages.
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Figure 4.3 Conditional inactivation of the Ythdc1 gene. (A) The only known motif in YTHDC1 is
the YTH domain. The antibody was raised against the N-terminal region encompassing amino
acids (aa) 3–109. Mouse YTHDC1 protein reference sequence: NP_808348.2. (B) Diagram of
wild-type and targeted Ythdc1 alleles. Mouse Ythdc1 maps to Chromosome 5 and consists of 17
exons. Targeted deletion of exons 5–9 (aa 296–452) results in a frame shift in the transcribed
mRNA and removes the YTH domain. (C) Ubiquitous inactivation of Ythdc1 is embryonic lethal.
Timed matings of Ythdc1fl/-mice were set up, and embryos/pups collected and genotyped at the
time points shown. Numbers in brackets marked with asterisks indicate the number of resorptions
found.
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4.2.3 YTHDC1 IS ESSENTIAL FOR SPERMATOGONIUM SURVIVAL AND MALE FERTILITY
To bypass the embryonic lethality resulting from Ythdc1 deficiency, we used Ddx4-Cre to
inactivate Ythdc1 specifically in the germline to generate Ythdc1fl/- Ddx4-Cre (referred to as
Ythdc1cKO) mice (Figure 4.3A-B). All subsequent studies were conducted with Ythdc1fl/- Ddx4Cre (cKO) mice unless noted otherwise. Ddx4-Cre expression begins at ~E15 in both male and
female germ cells but differs in the developmental stage of onset due to the sexual dimorphism in
the timing of meiotic entry (Gallardo et al., 2007). In males, Ddx4-Cre is expressed in mitotic germ
cells including spermatogonia prior to meiosis, whereas in oocytes, Ddx4-Cre expression occurs
only after meiotic entry (Figure 4.6A). Ythdc1cKO mice were viable and grossly normal.
Seminiferous tubules from newborn (PND0) Ythdc1cKO males contained prospermatogonia
(Figure 4.4A), which lacked YTHDC1 as determined by immunostaining (Figure 4.5). Tubules
from PND8 Ythdc1cKO males contained substantially fewer spermatogonia than those from
control Ythdc1fl/+ or Ythdc1fl/- males (Figure 4.4B). However, testes from PND25 and adult
Ythdc1cKO males lacked any germ cells including mitotic spermatogonia and exhibited a Sertolicell-only phenotype (Figure 4.4C-D), demonstrating that Ythdc1 is required for development of
spermatogonia and male fertility.
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Fig 4.4 Postnatal loss of male germ cells in Ythdc1fl/- Ddx4-Cre males. Histological analysis of
testes from Ythdc1 wild-type or heterozygous (left) and Ythdc1fl/- Ddx4-Cre (right) males at birth
(postnatal day 0) (A), PND8 (B), PND25 (C), and 8 weeks (D). Arrows in panels A and B indicate
prospermatogonia and spermatogonia respectively.
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Figure 4.5 Absence of YTHDC1 protein in male germ cells from neonatal Ythdc1fl/- Ddx4-Cre
testes. Frozen testicular sections from neonatal wild-type and Ythdc1fl/- Ddx4-Cre males were
immunostained with anti-YTHDC1 antibody. Nuclear DNA was stained with DAPI. Gonocytes
(also called prospermatogonia) are indicated by white arrowheads. YTHDC1 is nuclear in wildtype gonocytes but absent in Ythdc1fl/- Ddx4-Cre gonocytes. Scale bar, 25 μm.
4.2.4 INACTIVATION OF YTHDC1 CAUSES OOCYTE MATURATION ARREST AND FEMALE
STERILITY
In contrast to the absence of germ cells in adult Ythdc1 cKO testis, oocytes were present
in ovaries from 8-week-old Ythdc1fl/- Ddx4-Cre (cKO) females (Figure 4.6). Wild-type adult
ovaries contained follicles at different developmental stages, including primary, secondary, and
antral follicles (Figure 4.6B and C). However, Ythdc1fl/- Ddx4-Cre ovaries lacked secondary or
antral follicles, indicating that oocyte development was blocked at the primary follicle stage, which
is characterized by one layer of granulosa cells surrounding the oocyte (Figure 4.6B). Histological
analysis of ovaries from older Ythdc1fl/- Ddx4-Cre females (6-month and beyond) showed a
complete loss of oocytes. Western blot analysis confirmed that YTHDC1 protein was absent in
oocytes collected from Ythdc1fl/- Ddx4-Cre ovaries (Figure 4.7A). As expected, a nuclear
immunofluorescent signal of YTHDC1 was not detected in Ythdc1 mutant oocytes (Figure 4.7B).
These results confirm the specificity of our YTHDC1 antibody and the complete depletion of
YTHDC1 in Ythdc1fl/- Ddx4-Cre oocytes.
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Figure 4.6 YTHDC1 is required for oocyte growth. (A) Timeline of disruption of Ythdc1 in oocytes
using Ddx4-Cre or Zp3-Cre. (B) Histological analysis of ovaries from 8-week-old wild-type and
Ythdc1fl/- Ddx4-Cre mice. Inset, enlarged view of the primary follicle marked by white arrow.
Scale bars, 100 μm. (C) Histological analysis of ovaries from 8-week-old wild-type and Ythdc1fl/Zp3-Cre mice. Scale bars, 100 μm.
Because expression of Ddx4-Cre begins at the pachytene stage of meiotic prophase I
during fetal development, it is not clear whether the observed defects in Ythdc1fl/- Ddx4-Cre
postnatal ovaries were due to the requirement of YTHDC1 at embryonic or postnatal stages. To
investigate whether postnatally expressed YTHDC1 is required for oocyte development, we used
Zp3-Cre to inactivate Ythdc1 in oocytes postnatally (Figure 4.6A). Zp3-Cre is expressed in
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developing oocytes around postnatal day 3 (Figure 4.6A) (de Vries et al., 2000). We found that
Ythdc1fl/- Zp3-Cre ovaries exhibited similar defects in folliculogenesis as observed in Ythdc1fl/Ddx4-Cre ovaries–blockade at the primary follicle stage (Figure 4.6C). We next performed mating
tests of three Ythdc1fl/- Zp3-Cre females and three wild-type littermate control females. At the
age of 8 weeks, each female was housed with one wild-type male for two months. The three
control females produced two litters each (6.8 ± 1.4 pups/litter), whereas none of the three
Ythdc1fl/- Zp3-Cre females produced any offspring. Taken together, these genetic studies
demonstrate that YTHDC1 plays an essential role in postnatal oocyte development.
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Figure 4.7 Absence of YTHDC1 protein in Ythdc1fl/- Ddx4-Cre oocytes. Oocytes were collected
from 6-week-old mice. (A) Western blot analysis of oocytes from wild-type and Ythdc1 cKO
(Ythdc1fl/- Ddx4-Cre) females. TUBB (β-tubulin) served as a loading control. (B) YTHDC1
immunostaining of wild-type and Ythdc1 cKO (Ythdc1fl/- Ddx4-Cre) oocytes. Nuclei/nuclear DNA
and cytoplasmic RNA granules are marked by arrowheads (blue) and arrows (white),
respectively. Sytox green stains both DNA and RNA. Please note that all the Sytox green signals
in the wild type oocyte were from nuclear DNA staining.
4.2.5 YTHDC1-DEFICIENT OOCYTES CONTAIN LARGE CYTOPLASMIC RNA GRANULES
We were able to retrieve oocytes from ovaries of Ythdc1fl/- Ddx4-Cre females at the ages
of 3–6 weeks by poking. However, the number of oocytes retrieved from Ythdc1fl/- Ddx4-Cre
females was only 10% (n = 3) that of wild-type littermates. In addition, the GV oocytes from
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Ythdc1fl/- Ddx4-Cre females were not able to resume meiosis in vitro. In contrast to the smooth
appearance of wild-type germinal vesicle (GV) stage oocytes, Ythdc1-deficient oocytes contained
one or two prominent granules in the cytoplasm (Figure 4.8A). Such granules were not observed
in wild-type oocytes. These granules stained positive with Sytox green, which recognizes both
DNA and RNA, suggesting a nucleic acid content (Figure 4.8B). When double stained with both
DAPI and Sytox green, the nuclei of Ythdc1-deficient oocytes were positive for both stains,
whereas the granules only retained the Sytox green stain, indicating that the granules contained
RNA but not DNA (Figure 4.8B). To our knowledge, such large RNA granules have not been
observed before. The appearance of large cytoplasmic RNA granules indicates severe defects in
RNA metabolism in oocytes in the absence of YTHDC1. It is possible that, like P granules,
incorrectly processed RNAs are sequestered in these novel RNA granules in oocytes in the
absence of YTHDC1. Knockdown of YTHDC1 in HeLa cells causes acute nuclear accumulation
of mRNAs within hours (Roundtree et al., 2017c). We did not observe nuclear accumulation of
RNAs in postnatal Ythdc1-deficient oocytes, possibly because inactivation of Ythdc1 begins at
E15 (Figure 4.6A), weeks prior to our analysis.

Fig 4.8 RNA-containing cytoplasmic granules in Ythdc1-deficient oocytes. (A) Presence of large
cytoplasmic granules in oocytes from 11-week-old Ythdc1fl/- Ddx4-Cre (cKO) females. (B)
Cytoplasmic granules in oocytes from 11-week-old Ythdc1fl/- Ddx4-Cre females contain RNA.
Nuclei/nuclear DNA and cytoplasmic RNA granules are marked by arrowheads (blue) and arrows
(white), respectively. DAPI stains DNA only. Sytox green stains both DNA and RNA.
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To investigate the consequences of Ythdc1 deficiency on the oocyte transcriptome, we
performed RNA-seq analysis of oocytes collected from 6-week-old wild-type and Ythdc1fl/- Ddx4Cre females. With a FDR cutoff of 0.01, a total of 4933 transcripts showed differential expression:
2656 transcripts were up-regulated and 2277 transcripts down-regulated in Ythdc1-deficient
oocytes compared with control oocytes, indicating that the transcriptome in Ythdc1-deficeint
oocytes was dramatically altered (Figure 4.9A). Validation of 10 randomly selected differentially
abundant transcripts by real-time PCR confirmed the RNA-seq findings (Figure 4.9B). Gene
Ontology (GO) analysis identified a number of significantly altered biological processes for both
up-regulated and down-regulated transcripts, with regulation of transcription as the most
significantly affected process (Figure 4.9C).
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Figure 4.9 Dysregulated transcriptome in Ythdc1-deficient oocytes. (A) Scatter plot of transcript
profiling between wild-type and Ythdc1fl/- Ddx4-Cre oocytes from 6-week-old females. FDR
cutoff: 0.01. The list of differentially expressed transcripts is shown in S2 Table. (B) Validation of
10 differentially expressed genes by real-time PCR. Real-time PCR was performed in duplicates.
The average and range are shown. (C) GO term enrichment in up-regulated and down-regulated
genes in Ythdc1-deficient oocytes. Differentially expressed genes with FDR < 0.01, Fold change
≥ 2, and mean expression ≥ 100 were included in the GO analysis.

4.2.6 WIDESPREAD SPLICING DEFECTS IN YTHDC1-DEFICIENT OOCYTES
Because YTHDC1 affects alternative splicing in cultured somatic cells (Hartmann et al.,
1999), we next analyzed the oocyte RNA-seq data to systematically identify local splicing variants
(LSVs) between wildtype and Ythdc1-deficient oocytes using the MAJIQ package (VaqueroGarcia et al., 2016a). We identified a total of 2937 significant LSVs (q < 0.05) with ΔPSI

110

(difference in percent spliced in) > 0.2 (Figure 4.10A). These LSVs affected 1966 genes, involved
10,266 exons, and included differential retention of 500 introns. Of the 1966 genes with LSVs,
34% (659 genes) were differentially expressed between wild-type and Ythdc1-deficient oocytes
(up-regulated, 245 genes; down-regulated, 414 genes). According to GO analysis, these changes
affect genes involved in multiple fundamental biological processes, including chromatin
modification, regulation of transcription, mRNA processing, and regulation of translation (Figure
4.11). We designed RT-PCR assays to validate different types of MAJIQ-identified splicing
events: exon inclusion/skipping, intron retention, and splicing in 3’ UTRs. Using GV-stage oocytes
from wild-type and Ythdc1fl/- Ddx4-Cre mice, RT-PCR analysis confirmed 90% (9 of 10 tested) of
LSVs involving internal exons (Figure 4.10B and C). For example, as illustrated in the gene track
view, the second exon (part of the 5’UTR) of Tmem2 was partially skipped in wild-type but not in
Ythdc1-deficient oocytes (Figure 4.10B). Two LSVs affecting Jam2 and Spata7, respectively,
involved nearly complete exon skipping in wild-type oocytes but partial exon skipping in Ythdc1deficient oocytes. Exon skipping in two genes (Dner and Rad1) was complete in Ythdc1-deficient
oocytes but partial in wild-type. Four LSVs in Enpp5, Hip1r, Rap1a, and Parp6 resulted in partial
exon skipping in Ythdc1-deficient oocytes whereas no skipping occurred in wild-type. There was
no apparent preference for the directionality of exon skipping in regard to genotype. In total, our
validation results suggest that most LSVs predicted by MAJIQ are true splicing events.
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Figure 4.10 Changes in the splicing landscape in Ythdc1-deficient oocytes. Oocytes were
collected from 6-week-old Ythdc1fl/+ and Ythdc1fl/- Ddx4-Cre females. (A) Summary of local
splicing variants (LSVs) identified by MAJIQ. Significant LSVs: ΔPSI (difference in percentage
spliced in) > 0.2 and q < 0.05. (B) PCR validation and gene track view of one exon-skipping LSV
in Tmem2. (C) PCR validation of LSVs affecting internal exons. Exons are represented as
rectangles but not in scale. Skipped or retained exons are shown in red. Triangles denote the
positions of PCR primers. Each PCR assays was performed three times using different samples.
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Figure 4.11 Nuclear localization of YTHDC1 in transcriptionally active male germ cells:
Spermatogonia, spermatocytes, and round spermatids. (A) Frozen testicular sections from 8week-old wild-type males were immunostained with anti-YTHDC1 and anti-SP10 antibodies.
SP10 (also called ACRV1) is a component of the acrosome and thus used for seminiferous tubule
staging (Reddi et al., 1995). DNA was stained with DAPI. Tubules at stages V, IX, and XII are
shown. Scale bar, 50 μm. (B) Summary of YTHDC1 protein expression during spermatogenesis.
The diagram of spermatogenesis was re-drawn as previously illustrated (Yang et al., 2007).
Expression of YTHDC1 protein is shown in green. Stages (I–XII) of spermatogenesis are shown.
Spg, spermatogonia; PL, pre-leptotene; L, leptotene; Z, zygotene; P, pachytene; D, diplotene; M,
metaphase spermatocyte; RS, round spermatid; and ES, elongating spermatid.
LSVs involving introns or 3’ UTRs were more complex. We tested nine intron-retention
LSVs predicted by MAJIQ and confirmed six of these (67%) by RT-PCR (Figure 4.11A and
4.11B). Among three confirmed LSVs, two transcripts (Dnpep and Mcph1) showed intron
retention preferentially in wild-type oocytes, whereas one mRNA (Phf1) retained introns
preferentially in Ythdc1-deficient oocytes. We examined 13 MAJIQ-predicted LSVs involving
splicing within 3’ UTRs and validated three of these (23%) by RT-PCR (Figure 4.11C and 4.11D):
Ifnar1, Abl2, and Ikzf5. Coincidentally, all of these transcripts were associated with longer 3’
UTRs in wild-type oocytes. Although MAJIQ was not designed for the analysis of changes in
introns and 3’ UTR length as pointed out by the MAJIQ authors, we were able to validate most of
the MAJIQ-predicted LSVs involving introns and some of the 3’ UTR splicing events.
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We further examined the 9 LSVs involving exon inclusion/skipping using GV-stage
oocytes from 6-week-old Ythdc1fl/- Zp3-Cre and wild-type females. All 9 LSVs validated in
Ythdc1fl/- Ddx4-Cre oocytes (Figure 4.10) were also confirmed in Ythdc1fl/- Zp3-Cre oocytes
(Figure 4.12). Collectively, our results show that inactivation of YTHDC1 in oocytes causes
severe defects in mRNA splicing.

Figure 4.12 Local splicing variants involve intron retention and 3’ UTR. Oocytes were collected
from 6-week-old Ythdc1fl/+ and Ythdc1fl/- Ddx4-Cre females. (A) PCR validation of intronretaining LSVs. Introns and exons are represented as thick lines and rectangles, respectively. (B)
Gene track view of a retained intron in the Dnpep Gene. Arrow indicates the affected intron. (C)
PCR validation of LSVs in 3’ UTRs. The affected portion of the respective 3’ UTR is shown in red.
Triangles denote the positions of PCR primers (A and C). (D) Gene track view of splicing variant
in the Ifnar1 3’ UTR. The square bracket demarcates the spliced region of 3’ UTR in Ythdc1deficient oocytes. Polyadenylation sites (PAS) are marked by vertical orange lines.
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Figure 4.12 PCR validation of LSVs affecting internal exons in Ythdc1-deficient oocytes. Oocytes
were collected from 6-week-old Ythdc1fl/+ and Ythdc1fl/- Zp3-Cre females. Exons are
represented as rectangles but not in scale. Skipped or retained exons are shown in red. Triangles
denote the positions of PCR primers.
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4.2.7 EXTENSIVE ALTERNATIVE POLYADENYLATION IN YTHDC1-DEFICIENT OOCYTES
The majority of m6A sites are present in the 3’ most exons, raising the possibility that m6A
may play a role in regulating 3’ UTR length (Ke et al., 2015; Meyer et al., 2012). Many genes
produce transcripts with 3’ UTRs of different lengths due to usage of alternative polyadenylation
(APA) sites and 3’ UTRs contain sites for microRNAs and RNA-binding proteins. Thus, the 3’
UTR of a particular mRNA regulates its translation and subcellular localization (Ji et al., 2009;
Zhang et al., 2017b). For instance, transcripts in brain exhibit extensive lengthening of 3’ UTRs
due to APA (Miura et al., 2013). We systematically analyzed the 3’ UTR length of wild-type versus
Ythdc1-deficient oocytes using the ROAR algorithm (Grassi et al., 2016). The ROAR program
identifies alternative polyadenylation using standard RNA-seq data by measuring the reads
upstream (pre) and downstream (post) of the annotated polyadenylation site (PAS) (Figs 4.13A
and B). ROAR analysis of our oocyte RNA-seq data revealed 1210 alternative polyadenylation
(APA) events in 864 genes between wild-type and Ythdc1 mutant oocytes (cutoff, p value < 0.05;
Figure 4.13A). Some genes had more than one differential APA event. Overall, 709 APA events
(ROAR < 1) resulted in higher levels of the longer isoform (longer 3’ UTR) in Ythdc1-deficient
oocytes, whereas 501 APA events (ROAR > 1) was associated with higher levels of the shorter
isoform in the mutant (Figure 4.13A).
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Figure 4.13 Alternative polyadenylation in Ythdc1-deficient oocytes. Oocytes were collected from
6-week-old Ythdc1fl/+ and Ythdc1fl/- Ddx4-Cre females. (A) Pairwise comparison of PAS usage
in wild-type and Ythdc1-deficient oocytes. PAS pairs with p<0.05 are shown in red or blue. (B)
Gene track view and RT-PCR validation of alternative polyadenylation in Arl5a. Polyadenylation
sites (PAS) are marked by vertical yellow lines. Exons and introns are marked by black bars and
dotted lines, respectively, and the location of PRE and POST PCR fragments is shown. (C) RTPCR validation results of alternative polyadenylation in 7 genes. Actb served as a loading control.
(D) Quantification of RT-PCR products of 8 genes shown in panels A and B. A ratio
[(PREKO/POSTKO)/(PREWT/POSTWT)] less than 1 indicates a higher level of the long isoform
(with a longer 3’ UTR) in Ythdc1-deficient oocytes. A ratio of 1 for Frs2 indicates no preference
between wild-type and mutant. Y-axis: mean ± SD. The experiments were performed in
triplicates.
We chose 8 transcripts with predicted longer 3’ UTRs in the Ythdc1 mutant for RT-PCR
validation (Figure 4.13B). These 8 transcripts were not differentially expressed between wild-type
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and mutant oocytes. Our validation strategy involved one PCR assay (termed PRE) that amplified
both short and long transcripts and a second PCR assay (termed POST) that was specific for the
long isoform. The POST RT-PCR assay for Arl5a produced a stronger signal from Ythdc1deficient versus wild-type oocytes, indicating that the former contained a higher level of the long
isoform. Of the eight transcripts tested, seven (88%) (Arl5a, Ddx21, Noc3l, Rybp, Scamp1,
Slc11a2, and Slc25a51) preferentially produced the longer isoform in Ythdc1-deficient oocytes
due to APA, whereas, one transcript (Frs2) did not exhibit detectable differences in isoform
prevalence using this assay (Figs 7C and 6D). These results demonstrate extensive alternative
polyadenylation in Ythdc1-deficient oocytes. Previous findings in brain tissue (Ke et al., 2015)
have shown that five of seven gene transcripts with APA defects contained known m6A sites in
the last exons: Arl5a, Ddx21, Noc3l, Slc11a2, and Slc25a51, implicating m6A in regulation of
alternative polyadenylation.

4.2.8 M6A DEPENDENT RESCUE OF ALTERNATIVE SPLICING DEFECTS IN YTHDC1DEFICIENT OOCYTES
To examine the effect of m6A on splicing in oocytes, we collected oocytes from wild-type
and Ythdc1fl/- Ddx4-Cre ovaries at postnatal day 12 (PND12), when oocytes are still
transcriptionally active. We evaluated alternative splicing of the nine transcripts for which we had
identified splicing defects in GV stage oocytes from 6-week-old Ythdc1fl/- Ddx4-Cre mice (Figure
4.10) and found that all nine transcripts showed similar splicing defects in PND12 Ythdc1deficient oocytes (Figure 4.14, first two lanes of center panel). However, there were notable
differences for two transcripts: Rad1 and Tmem2. The Rad1 two-exon-skipping isoform was
detected in PND12 mutant oocytes (Figure 4.14) but not in 6-week-old mutant oocytes (Figure
4.10). Similarly, the Tmem2 spliced short isoform was present in PND12 mutant oocytes but
absent in 6-week-old oocytes. These data suggest that the short isoforms of Rad1 and Tmem2
were degraded during the long period between cessation of transcription at PND20 and the time
point of analysis at 6 weeks of age.
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To investigate if alternative splicing defects in Ythdc1-deficient oocytes could be rescued
by supplying YTHDC1, we used transcriptionally active PND12 oocytes. We injected PND12
Ythdc1-deficient oocytes with in vitro transcribed wild-type or mutant Ythdc1 mRNA, followed by
overnight culture. The Ythdc1 mutant mRNA contains two missense mutations (W377A, W428A)
that completely abolish the m6A binding activity of YTHDC1 (Xu et al., 2014b). We quantified the
FLAG-YTHDC1 protein levels in the nucleus of injected Ythdc1-deficient oocytes by
immunofluorescence and confocal microscopy and found no difference in YTHDC1 protein levels
between oocytes (4 oocytes each) injected with wild-type and mutant Ythdc1 mRNAs. We found
that exon skipping and exon inclusion defects in six transcripts were rescued in Ythdc1-deficient
oocytes injected with wild-type but not mutant Ythdc1 mRNA, whereas no difference was
observed for the remaining three genes (Dner, Enpp5 and Jam2) (Figure 4.14). These rescue
experiments suggest that the majority of alternative splicing defects in Ythdc1-deficient oocytes is
m6A -dependent. However, we cannot rule out the possibility that the failure of mutant YTHDC1
((W377A, W428A) to rescue might be caused by reduced RNA-binding activity or instability,
independent of m6A.
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Figure 4.14 m6A-dependent rescue of alternative splicing defects in Ythdc1-deficient oocytes.
Postnatal day 12 Ythdc1fl/- Ddx4-Cre (cKO) oocytes were injected with mRNAs encoding wildtype or m6A-binding-deficient mutant (W377A W428A) YTHDC1 as marked on top of the gel
panel, followed by RT-PCR analysis of LSVs. Left panel, schematic illustration of alternative
splicing events for each transcript that correspond to the PCR products shown in the center
panel. Each rectangle represents one exon, and exons subject to alternative splicing are marked
red. Right panel, plot depicting quantification of ratios of band intensity or a single band intensity,
with the value for wild-type oocyte (lane 1) set at 1. Asterisks indicate bands used for
quantification. Enpp5 and Parp6: ratio of the upper band / the lower band; Tmem2: ratio of the
lower band / the upper band. Actb serves as a loading control.
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4.2.9 YTHDC1 INTERACTS WITH PRE-MRNA 3’END PROCESSING FACTORS
To elucidate the mechanism by which YTHDC1 affects alternative polyadenylation, we
investigated potential interactions of YTHDC1 with pre-mRNA 3’end cleavage and
polyadenylation factors by co-immunoprecipitation (Figure 4.15). Cleavage factor Im (CFIm) and
cleavage stimulating factor (CSTF) are two multi-protein complexes that bind to upstream
sequence elements (USE) and downstream sequence elements (DSE) around the PAS,
respectively (Elkon et al., 2013; Tian and Manley, 2017). We found that YTHDC1 was associated
with CPSF6, one of the four subunits of the CFIm complex (Figure 4.15A). This result is
consistent with previous reports identifying CPSF6 among proteins co-immunoprecipitated with
human YTHDC1 in 293T cells (Xiao et al., 2016). However, YTHDC1 did not interact with
NUDT21, another subunit of the CFIm complex (Figure 4.15A). In addition, YTHDC1 was not
associated with cleavage stimulating factors CSTF1 or CSTF2 by co-transfection and co-IP
assays. Interestingly, knockdown of Cpsf6 induces widespread use of proximal PAS, resulting in
3’ UTR shortening (Li et al., 2015; Martin et al., 2012). Moreover, a mutation in the Medaka Cpsf6
gene causes 3’ UTR shortening in developing embryos and a defect in primordial germ cell
migration (Sasado et al., 2017).

Figure 4.15 Association of YTHDC1 with pre-mRNA 3’end processing factors. Recombinant
proteins were expressed in HEK 293T cells. Co-immunoprecipitation was carried out in the
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presence of RNase. (A) Co-IP analysis of YTHDC1 with CPSF6 and NUDT21. * indicates
antibody light chain. (B) Co-IP analysis of YTHDC1 with SRSF3 and SRSF7. ** indicates a nonspecific band.
YTHDC1 interacts with the SR splicing factors SRSF3 and SRSF7 (Figure 4.15B).
SRSF3 and SRSF7 couple RNA processing with mRNA export through association with the
nuclear mRNA export factor NXF1 (Müller-McNicoll et al., 2016). SRSF3 and SRF7 bind to the
last exons and regulate polyadenylation in an opposing manner. Knockdown of SRSF3 leads to 3’
UTR shortening, whereas depletion of SRSF7 results in 3’ UTR lengthening (Müller-McNicoll et
al., 2016). In conclusion, these results support a model in which YTHDC1 regulates alternative
polyadenylation through interaction with the 3’end processing machinery.

4.3 DISCUSSION
Here, we report that the nuclear m6A reader YTHDC1 is essential for mouse
embryogenesis and germline development, and describe a critical role of YTHDC1 in
orchestrating m6A-dependent processing of pre-mRNA transcripts in oocytes. Our studies
implicate YTHDC1 in the choice of polyadenylation sites, which determines the length of 3’ UTRs.
The 3’ UTR contains target sites for microRNAs and many RNA-binding proteins. Therefore,
lengthening or shortening of 3’ UTR would predictably have profound effects on translation
efficiency, transcript stability, and subcellular transcript localization (Elkon et al., 2013; Ji et al.,
2009; Tian and Manley, 2017; Zhang et al., 2017b). Precise translational control of maternal
transcripts is especially critical during oocyte maturation, due to lack of transcription during this
prolonged stage. We find that loss of YTHDC1 in oocytes results in alternative polyadenylation
and thus altered 3’ UTR length in more than 800 genes. To date, YTHDC1 is the only m6A reader
that has been demonstrated to regulate 3’ UTR length.
Triple knockdown of three m6A writer components (METTL3, METTL14, and WTAP) in
human A549 cells changes the usage of proximal versus distal polyadenylation sites with some
switching to proximal sites and others switching to distal sites, demonstrating a critical role for
m6A in regulation of 3’ UTR length (Ke et al., 2015). In addition, ALKBH5, an m6A demethylase,
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regulates 3’UTR length in male germ cells (Tang et al., 2018). How the m6A signal is relayed to
the 3’ end processing machinery is unknown. A number of multi-protein complexes participate in
pre-mRNA 3’ end cleavage and polyadenylation, including cleavage factor Im (CFIm), cleavage
and polyadenylation specificity factor (CPSF), cleavage stimulating factor (CSTF), and poly(A)binding proteins (Elkon et al., 2013; Tian and Manley, 2017). We find that YTHDC1 forms
complexes with components of the 3’ end processing machinery: CPSF6 (a CFIm component),
SRSF3, and SRSF7 (Figure 4.15). These factors bind to the 3’ UTR around the PAS. Specifically,
the CFIm binds to the UGUA motif upstream of the PAS. Knockdown of each of these factors in
cell culture causes a shift in PAS usage, resulting in APA. Knockdown of CPSF6 favors usage of
proximal PAS (Li et al., 2015; Martin et al., 2012), whereas knockdown of SRSF7 causes
preferential usage of distal PAS (Müller-McNicoll et al., 2016). Our data support a model in which
YTHDC1 recognizes m6A in the last exons of pre-mRNA transcripts and orchestrates the choice
of polyadenylation sites through interactions with 3’end processing factors. YTHDC1 may recruit
these factors to the 3’ UTRs or sequester them in the nucleoplasm through interactions, resulting
in opposing APA patterns. Alternatively, these factors may compete for binding to YTHDC1. In
addition, SRSF3 and SRSF7 link alternative polyadenylation with nuclear export through
interaction with NXF1 (Müller-McNicoll et al., 2016). Therefore, it is conceivable that, through
interaction with SRSF3 and SRSF7, YTHDC1 may couple m6A in alternatively polyadenylated
transcripts with nuclear export. In cultured cells, YTHDC1 facilitates binding of m6A-modified
nuclear transcripts to SRSF3 and NXF1 and mediates nuclear export (Roundtree et al., 2017a).
Our study reveals an essential role for YTHDC1 in development of both the embryo and
the germline. Proteins (writers, readers, and erasers) involved in establishment, recognition, and
erasure of m6A sites in mRNAs play important roles in development and fertility in mouse. Loss of
the key m6A writer enzyme METTL3 causes early post-implantation lethality with defects in
lineage priming (Geula et al., 2015). m6A mainly reduces mRNA stability in embryonic stem cells
and pre-implantation embryos and its loss leads to a failure in termination of naïve pluripotency
during lineage specification (Geula et al., 2015). Conditional inactivation of Mettl3/Mettl14 reveals
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their essential role in spermatogenesis (Lin et al., 2017; Xu et al., 2017). Alkbh5-deficient mice
are viable but exhibit impaired spermatogenesis with increased apoptosis of meiotic
spermatocytes (Zheng et al., 2013). ALKBH5-mediated m6A demethylation affects mRNA export.
The cytoplasmic m6A reader YTHDC2 interacts with the meiosis-specific protein MEIOC (Abby et
al., 2016; Soh et al., 2017). Ythdc2-deficient mice are viable but sterile due to a failure in meiotic
progression (Bailey et al., 2017; Jain et al., 2018; Ke et al., 2015; Wojtas et al., 2017). YTHDC2
together with MEIOC promotes translation efficiency of its target transcripts but decreases their
mRNA abundance. In addition, YTHDC2 modulates the level of m6A -enriched transcripts in germ
cells, which is required for progression through meiosis (Wojtas et al., 2017). Ythdf2 deficiency
causes incomplete penetrance of lethality and female-specific infertility (Ivanova et al., 2017).
Similar to Mettl3, inactivation of Ythdc1 is embryonic lethal, showing that loss of YTHDC1
is not compensated for by other m6A readers. The lack of compensation is not entirely surprising,
given that, to date, YTHDC1 is the only known m6A reader in the nucleus. By conditional
inactivation of Ythdc1 in the germline, we find that YTHDC1 is essential for fertility in both males
and females. Specifically, YTHDC1 is required for development of mitotic spermatogonia in males
and oocyte growth in females. Because of loss of spermatogonia in Ythdc1fl/- Ddx4-Cre males,
different Cre drivers will be needed to examine its role in meiotic spermatocytes and post-meiotic
round spermatids in future studies. Strikingly, the mouse mutant phenotypes of three m6A readers
YTHDC1, YTHDC2, and YTHDF2 are different, suggesting non-redundant functions. YTHDC2 is
required for meiotic progression in both sexes but is dispensable for viability (Bailey et al., 2017;
Hsu et al., 2017; Jain et al., 2018; Wojtas et al., 2017). YTHDF2 is partially necessary for viability
and specifically required for female fertility and oocyte competence (Ivanova et al., 2017). Here
we find that YTHDC1 is essential for viability and is required for spermatogonial development in
males and oocyte growth in females. About 200 transcripts were upregulated in Ythdf2-deficient
MII oocytes (Ivanova et al., 2017). The overlap between the upregulated transcripts in Ythdf2deficient oocytes and Ythdc1- deficient oocytes is significant (1.48-fold enrichment, p = 0.0004),
suggesting that YTHDC1 may play a later role in oocyte competence. In Ythdc1fl/- Ddx4-Cre or
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Ythdc1fl/- Zp3-Cre females, germ cells progress through the prophase of meiosis I, however,
oocyte development is blocked at the primary follicle stage. This blockade is similar to the oocyte
growth arrest in females lacking GDF9, a key TGFβ receptor ligand (Dong et al., 1996).
Several early studies using cultured cells show that YTHDC1 is involved in alternative
splicing of internal exons in a dosage–dependent manner (Hartmann et al., 1999; Nayler et al.,
2000; Rafalska et al., 2004). YTHDC1 localizes to socalled YT bodies in the nucleus that contain
active transcription sites. Tyrosine phosphorylation of YTHDC1 regulates its solubility in the
nucleus and its effect on alternative splicing. Structural demonstration of YTHDC1 as an m6A
reader raises a possible connection between m6A and alternative splicing (Xu et al., 2014b,
2015). Among the YTH domain proteins, only YTHDC1 contains a selective binding pocket for the
nucleotide preceding the m6A nucleotide (Xu et al., 2015). Two pre-mRNA splicing factors SRSF3
and SRSF10 competitively bind to YTHDC1 (Xiao et al., 2016). It was proposed that YTHDC1
promotes exon inclusion by recruiting SRSF3 while blocking SRSF10 binding to target transcripts
(Xiao et al., 2016). In this study, we find that YTHDC1 regulates mRNA splicing in oocytes. In
addition, loss of YTHDC1 leads to formation of large novel cytoplasmic RNA-containing granules
in the oocyte cytoplasm, which may contain aberrantly processed transcripts. Furthermore, the
m6A -binding activity of YTHDC1 is required for rescue of alternative splicing defects in Ythdc1deficient oocytes. Collectively, these in vitro and in vivo studies demonstrate the critical role of
YTHDC1 in the regulation of alternative splicing, apparently in an m6A -dependent manner.
A number of studies show that m6A is a determinant of mRNA stability and turnover in the
cytoplasm (Camper et al., 1984; Ke et al., 2017; Wang et al., 2014b). YTHDC1 facilitates nuclear
export of m6A -containing mRNAs through its interaction with SRSF3 and thus regulates their
cytoplasmic abundance (Roundtree et al., 2017c). YTHDC2 regulates the levels of m6A containing transcripts in meiotic germ cells (Wojtas et al., 2017). Binding by YTHDF2 causes
redistribution of bound mRNAs to RNA degradation sites (Wang et al., 2014b). In addition,
YTHDF2 regulates maternal mRNA clearance in both zebrafish and mouse (Ivanova et al., 2017;
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Zhao et al., 2017b). In contrast with the established role of m6A in mRNA turnover, the role of
m6A in splicing has been a point of contention in the field. Some studies in ES cells conclude that
m6A in nascent transcripts has a minor role in splicing, even though Mettl3 inactivation in ES cells
affects 3% of ~12,000 alternative cassette exons (Geula et al., 2015; Ke et al., 2017). It is
possible that Mettl3 inactivation may have more pronounced effect on splicing in differentiated
cells. Indeed, Mettl3 inactivation in male germ cells affects splicing (Xu et al., 2017). The
differentially spliced genes in Ythdc1-deficient oocytes significantly overlap with the differentially
spliced genes in Mettl3-deficient testes (Figure 4.16). Study of Alkbh5-deficient spermatogenic
cells also supports a role of m6A in the regulation of splicing (Tang et al., 2018). Therefore, the
extent of effect on splicing by m6A most likely varies in different cell types and developmental
stages.

Figure 4.16 Significant overlap of differentially spliced genes in Ythdc1-deficient oocytes and
Mettl3 knockout testes. The RNA-seq data from control and Mettl3 knockout postnatal day 12
testes from the previous Xu et al study (Xu et al., 2017) were re-analyzed by MAJIQ. Statistics
was performed by hypergeometric enrichment tests.
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4.4 MATERIALS AND METHODS
ETHICS STATEMENT
Mice were maintained and used for experimentation according to the protocol approved
by the Institutional Care and Use Committee of the University of Pennsylvania.
GENERATION OF POLYLONAL ANTIBODIES
The GST-YTHDC1 (aa 3–109) fusion protein (Figure 4.3A) was expressed in E. coli using
the pGEX4T-1 vector and affinity purified with glutathione Sepharose 4B (GE Healthcare).
Rabbits were immunized with recombinant protein, yielding antisera UP2410 and UP2411
(Cocalico Biologicals Inc.). For western blotting and immunofluorescence, antibodies were affinity
purified against the GST fusion protein.
TARGETED INACTIVATION OF THE YTHDC1 GENE
The Ythdc1 targeting construct was designed to insert two tandem copies of loxP-flanked
hygromycin phosphotransferase-thymidine kinase (HyTK) cassettes into Ythdc1 intron 4, and
a loxP site into intron 9 (Figure 4.3B). Genomic fragments were amplified from the Ythdc1containing BAC clone RP24-567O8 by PCR with high-fidelity Taq DNA polymerase. The targeting
construct was confirmed by sequencing. ClaI-linearized targeting construct was electroporated
into V6.5 mouse embryonic stem (ES) cells, and ES cells were cultured in media containing 120
μg/ml hygromycin B. Of 368 hygromycin-resistant ES clones screened by long-range PCR, three
clones were homologously targeted. Two positive clones (1A6 and 3D6) were expanded and
electroporated with the Cre-expressing plasmid pOG231, followed by culture in media containing
2 μM ganciclovir. Ninety-six clones were screened for removal of the HyTK cassette and
presence of loxP sites flanking Ythdc1 exons 5–9 (Figure 4.3B), resulting in seven positive
clones. Two (1A6H10 and 3D6G7) Ythdc1fl/+ ES clones were injected into blastocysts. The
resulting chimeric mice transmitted the Ythdc1 floxed allele through the germline.
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Heterozygous (Ythdc1+/-) animals were produced by mating Ythdc1fl/+ with Actb-Cre mice
(Lewandoski et al., 1997). Mice with conditional deletion of Ythdc1 were obtained from the
intercrosses of Ythdc1fl/+ with Ddx4-Cre or Zp3-Cre mice (Gallardo et al., 2007; de Vries et al.,
2000). The resulting Ythdc1fl/+ Cre males were crossed with Ythdc1fl/fl females,
yielding Ythdc1fl/- Cre mice with germline-specific inactivation. Offspring were genotyped by PCR
of genomic DNA with the following primers: wild-type (396 bp) and Ythdc1 floxed allele (473 bp),
CTTCCAGCAGGAATGAGTGC and GGCAATAAATAGCCCCAAAA; Ythdc1- (deletion) (426 bp),
GATATCTTCTCTGATTCATGCG and GGCAATAAATAGCCCCAAAA; Ddx4-Cre (240 bp),
CACGTGCAGCCGTTTAAGCCGCGT and TTCCCATTCTAAACAACACCCTGAA; Zp3-Cre (220
bp), CCCAGATTCTGATCGTTGGT and CAGGTTCTTGCGAACCTCAT.
COLLECTION AND CULTURE OF MOUSE OOCYTES, EGGS, AND EMBRYOS
Full-grown, germinal vesicle (GV)-intact oocytes, metaphase II (MII) eggs, fertilized eggs
and preimplantation embryos were collected as previously described (Ma et al., 2001; Schultz et
al., 1983). GV oocytes were cultured in Chatot-Ziomek-Brinster (CZB) medium (Chatot et al.,
1989) containing 2.5 μM milrinone (Sigma, St. Louis, MO, USA) to inhibit GV breakdown (Tsafriri
et al., 1996); MII eggs were cultured in CZB medium and fertilized eggs/embryos cultured in
KSOM (Erbach et al., 1994). GV oocytes were collected by poking of ovaries or enzymatic
digestion. For enzymatic digestion, ovaries were dissected out and placed in Ca2+-Mg2+-free
CZB medium containing 1 mg/ml collagenase (#LS004196, Worthington Biochemical Corp) and
0.2 mg/ml DNase I (Sigma #DN-25) in 35 mm petri dish. Each ovary was chopped into 4–5
pieces. Enzymatic digestion was carried out at 37°C for 40 min. Ovaries were pipetted up and
down several times using a P1000 pipette to facilitate cell dissociation. Oocytes free of follicle
cells were transferred and washed with three drops of CZB medium before further analysis.
WESTERN BLOTTING AND IMMUNOCYTOCHEMISTRY
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Equal numbers of GV oocytes, metaphase I (MI) eggs, MII eggs, fertilized eggs and
embryos were lysed in 2xSDS loading buffer (Sigma). Lysates were separated by 10% SDSPAGE gel electrophoresis and proteins transferred to PVDF membrane (Amersham). For western
blot analysis of adult mouse tissues, tissue samples were collected from 8-week-old adult mice
and 20 μg of protein lysate per tissue analyzed per lane. The following antibodies/antisera were
used for western blotting: rabbit anti-YTHDC1 affinity-purified antibody (this study); mouse antiTUBB antibody (T4026, Sigma), mouse monoclonal ACTB (Clone AC-15, Sigma-Aldrich).
Immuno-detection was performed using horseradish peroxidase-conjugated secondary antibodies
and ECL prime reagents (Amersham) according to the manufacturer’s instructions.
For immunofluorescence, oocyte, egg or embryo samples were fixed in 2.5%
paraformaldehyde for 40 min at room temperature. Cells were permeabilized for 15 min in PBS
containing 0.2% Triton X-100, blocked in PBS containing 0.2% IgG-free BSA and 0.01% Tween20 for 30 min (blocking solution), and then incubated with the rabbit anti-YTHDC1 affinity-purified
antibody for 1 h at room temperature. After four 15-min washes in blocking buffer, samples were
incubated for 1 h with appropriate Cy5-conjugated secondary antibody (Jackson
ImmunoResearch). After three additional 15-min washes in blocking buffer, the samples were
mounted in Vectashield mounting solution with Sytox green (Vector Laboratories). Images were
captured by a Leica TCS SP laser-scanning confocal microscope.
Immunofluorescence analysis in testis was performed as previously described (Kasowitz
et al., 2017). Briefly, adult or neonatal testes were fixed in 4% formaldehyde for 3–4 h and
processed for sectioning in a cryostat. Testicular sections were immunostained with anti-YTHDC1
and anti-SP10 antibodies (Reddi et al., 1995). FITC- or Texas red-conjugated secondary
antibodies were used. Slides were mounted in VectaShield solution with DAPI (Vector
Laboratories). Images were captured with an ORCA digital camera (Hamamatsu Photonics) on a
Leica DM5500B microscope.
WHOLE TRANSCRIPTOME RNA-SEQ ANALYSIS
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Oocytes were collected from ovaries of 6-week-old wild-type or Ythdc1fl/- Ddx4-Cre
females by needle poking. Oocytes from Ythdc1fl/- Ddx4-Cre females with gross abnormal
morphology were excluded from studies. Total RNA was extracted from 25 oocytes per library
using PicoPure RNA isolation kit with on-column genomic DNA digestion according to the
manufacturer’s instruction (Thermo Fisher Scientific). As a normalization control, each sample
was spiked in with 0.2 pg synthesized Renilla luciferase mRNA before extraction. RNA-seq
libraries were constructed by using Ovation RNA-seq system V2 (NuGEN) followed by Ovation
Ultralow Library system (DR Multiplex System, NuGEN). Reverse transcription of total RNA was
primed with a pool of primers that hybridize either to the 5’ portion of the poly(A) sequence or
randomly across the transcript. Per genotype, three biological replicate libraries were constructed.
RNA-seq libraries were pooled and sequenced by three 150-bp paired-end runs on mid-output
flow cells on the NextSeq 550 system (Illumina). RNA-seq data are available under the
NCBI/SRA number: SRP116737.
DIFFERENTIAL EXPRESSION ANALYSIS
Oocyte RNA-seq data were mapped using the RNA-Seq aligner STAR. The STAR
genome was generated using the mouse mm10 genome assembly (Genome Reference
GRCm38). STAR was run with the parameter—clip3pAdapterSeq
GATCGGAAGAGCACACGTCTGAACTCCAGTCAC. The SAM files from STAR were converted
to BAM format using samtools view, reads were sorted by name using samtools sort, and
separate lanes were merged into one file using samtools merge (Li et al., 2009). The number of
reads in each genomic feature was quantified with HTSeq using the intersection-strict overlap
setting (Anders et al., 2015). Differential abundance between Ythdc1fl/- and Ythdc1-deficient
oocytes was then analyzed using the R package DESeq2 on the HTSeq count files with default
settings and an FDR cutoff of 0.01 (Love et al., 2014).
GENE ONTOLOGY (GO) ANALYSIS

130

Gene Ontology analysis was performed using the bioinformatics analysis resource
database DAVID 6.8 (Huang et al., 2009c). Separate lists of differentially expressed up-regulated
and down-regulated genes (all, FDR < 0.01, Fold change ≥ 2, and mean expression ≥100) were
uploaded, with the Genbank_accession identifier selected and mus_musculus as the specified
organism. A custom background list was supplied consisting of all genes with at least one read
observed in any genotype or replicate in our RNA-seq libraries.
BIOINFORMATIC ANALYSIS OF LOCAL SPLICING VARIANT
Analysis of units of LSVs between Ythdc1fl/- and Ythdc1-deficient oocytes was performed
using the MAJIQ software package (Vaquero-Garcia et al., 2016b). MAJIQ v0.9.2 was run using
the GRCm38 mm10 reference genome. Default settings were used for quantifying LSVs in the
oocyte RNA-seq data and for the ΔPSI analysis. Please note that MAJIQ was not designed to
identify alternative polyadenylation from RNA-seq data (Vaquero-Garcia et al., 2016b).
BIOINFORMATIC ANALYSIS OF ALTERNATIVE POLYADENYLATION BY ROAR
Alternative polyadenylation (APA) analysis was performed with the ROAR Bioconductor
package in R (Grassi et al., 2016). The package’s general workflow was followed. GV oocyte
RNA-seq reads were mapped to the mm9 (NCBI37) genome using the RNA STAR aligner. ROAR
was run using an annotation database of polyadenylation sites from the PolyADB version 2 (Lee
et al., 2007). The ratio of shorter to longer isoforms referred to as m/M ratio was computed for
each sample using the counts of mapped reads and the lengths of the transcript’s PRE and
POST portions as defined using a multiple APA annotation file. The ratio of the m/M(WT) to the
m/M(KO) yielded the ratio of a ratio (ROAR) values, which were used to identify shifts in
polyadenylation site usage. 3’ UTR lengthening or shortening was called when a Fisher test for all
sample pairings returned nominal p-values < 0.05. We analyzed the RNA-seq data from the
SRSF3 and SRSF7 knockdown experiments by Muller-McNicoll et al (Müller-McNicoll et al.,
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2016) using the ROAR algorithm and reached the same conclusions on opposing changes on 3’
UTR length, validating the ROAR algorithm.
VALIDATION OF DIFFERENTIALLY EXPRESSED GENES BY QUANTITATIVE REAL-TIME
PCR
Oocytes were collected from 6-week-old wild-type or Ythdc1fl/- Ddx4-Cre or Ythdc1fl/- Zp3Cre females by needle poking of ovaries. Total RNA was extracted from oocytes using the
PicoPure RNA Isolation Kit with on-column genomic DNA digestion (Thermo Fisher Scientific)
and reverse transcribed by Superscript II reverse transcriptase (Invitrogen) using random
hexamers. The resulting cDNA was quantified by real-time PCR on an ABI Prism 7000
thermocycler (Applied Biosystems) using Power SYBR Green Master Mix (Thermo Fisher
Scientific). The following gene transcripts were
tested: Psat1, Grhl3, Cnnm1, Nupr, Zfp711, Lrp1b, Rgn, Trps1, Tnip3. PCR parameters: 95˚C, 15
sec; 60˚C, 60 sec; 40 cycles. Each sample was analyzed in duplicates. Quantification was
normalized to the endogenous Actb using the comparative Ct method (ABI Prism 7700 Sequence
Detection System, Applied Biosystems).
VALIDATION OF LOCAL SPLICING VARIANTS AND APA
For validation of local splicing variants, each PCR assay was optimized individually. The
PCR cycles varied for each LSV, depending on transcript abundance. For APA validation, two
pairs of PCR primers were designed: PRE and POST (before and after the polyadenylation site).
All assays used an amount of cDNA equivalent to one oocyte per PCR reaction. RT-PCR band
quantification was performed using ImageJ.
HISTOLOGICAL ANALYSIS
Testes and ovaries were prepared for histological analysis by fixation in Bouin’s solution
(Sigma Aldrich), followed by serial dehydration and paraffin infiltration and embedding. Serial
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sections were cut at 8 μm thickness, adhered to glass slides, and dried overnight. Slides were deparaffinized with xylene and re-hydrated. Slides were then stained with hematoxylin, rinsed, and
exposed to 0.1 M ammonia before staining with eosin. The slides were then dehydrated and
mounted with Permount mounting media (Fisher Scientific). Images were taken on a DM5500B
microscopy platform with a DFC450 camera (Leica Microsystems).
DNA CONSTRUCTS AND MUTAGENESIS
Wild-type mouse Ythdc1 coding region was amplified from bulk mouse testis cDNA
samples by PCR. The double mutation (W377A, W428A) was introduced by PCR-based
mutagenesis by mutating codons 377 (TGG) 428 (TGG) to 377 (GCG) 428 (GCG), resulting in
W377A W428A amino acid changes. The entire coding region was cloned into the pcDNA3.1
vector for in vitro transcription.
IN VITRO TRANSCRIPTION
Plasmids pcDNA3.1-wt-Ythdc1 and pcDNA3.1-Ythdc1- W377A W428A were verified by
sequencing and linearized before in vitro transcription. Capped mRNAs were made by in vitro
transcription with T7 mScript mRNA production System (CellSCRIPT) according to the
manufacturer’s instructions. Following in vitro transcription, template DNAs were digested by
adding RNase-free DNase, and synthesized mRNA was purified by MEGAclear kit (Ambion). A
single mRNA band of the expected size was observed for each RNA sample on a 1%
formaldehyde denaturing gel. Synthesized RNA was stored in aliquots at -80°C.
OOCYTE MICROINJECTION AND LSV RESCUE ASSAY
GV oocytes were collected from postnatal day 12 Ythdc1-deficient ovaries by enzymatic
digestion (collagenase). Oocytes were microinjected with approximately 5 pl of wild-type or
mutant Ythdc1 mRNA in water as previously described (Kurasawa et al., 1989). PND12 wild-type
oocytes were mock injected with water as controls. Following microinjection, oocytes were
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returned to CZB medium with 2.5 μM milrinone and cultured overnight, followed by RNA
extraction and reverse transcription. For LSV rescue experiments, each PCR assay was
performed using an amount of cDNA equivalent to 0.5 oocyte. PCR bands were quantified using
the Image J software. The rescue experiments were performed two times.
TRANSFECTION AND CO-IMMUNOPRECIPITATION
The FLAG-YTHDC1 expression construct was made by cloning the full-length
mouse Ythdc1coding sequence into a pcDNA6 vector containing a previously inserted 3xFLAG
sequence 5’ of the cloning site. V5 tagged constructs for Srsf7, Cstf1, Cstf2, Cpsf6,
and Nudt21 were all produced by subcloning RT-PCR products amplified from bulk mouse testis
cDNAs using the pcDNA 3.1/V5-His TOPO TA Expression Kit (Invitrogen, K4800). Srsf3 cDNA
was cloned into a pcDNA6 vector containing a Myc tag 5’ of the cloning site to express MycSRSF3. The HEK 293T cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 1% Lglutamine in a 37°C humidified incubator at 5% CO2. Cells were co-transfected using
Lipofectamine 2000 (Invitrogen) and cultured in Opti-mem media for 36 h. Transfected cells were
harvested with RIPA buffer (10 mM Tris-HCl, pH 8, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100,
0.1% SDS, 140 mM NaCl, 0.1% sodium deoxycholate) supplemented with 1 mM
phenylmethylsulfonyl fluoride (PMSF). Cells were lysed by Dounce homogenization and
solubilized by rocking at 4°C for 30 min. Following centrifugation at 16,100 x g for 25 min, lysate
supernatants were incubated with 1 mg/ml RNase A at room temperature for 30 min. Lysates
were cleared by centrifugation at 16,100 x g for 20 min and incubated with Protein G agarose
beads (Invitrogen, 15920010) for 1 h. After pre-clearing, either anti-FLAG (F-3165, Sigma), antiV5 (R96025, ThermoFisher), or anti-Myc (631206, Clontech) was incubated with cell lysates
rotating overnight at 4°C. Equilibrated Protein G agarose beads were added to the lysates and
incubated for 1 h. Immunoprecipitated protein complexes were washed three times with RIPA
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buffer supplemented with PMSF. Beads and respective input lysates were boiled with 2x SDS
sample buffer for 5 min prior to SDS-PAGE and immunoblotting to nitrocellulose membranes.
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CHAPTER 5: Outlook and future directions

5.1 INTRODUCTION
The work described here contributes substantially to our understanding of the
mechanisms and contexts through which m6A regulates the eukaryotic transcriptome. Despite, or
maybe because of this newfound comprehension of these processes, many questions about the
state of m6A-mediated regulation of mRNA require further investigation in order to better
understand and manipulate these regulatory processes. In particular, important questions
regarding the key cis and trans regulatory players surrounding the m6A-mediated transcript
stabilization in Arabidopsis require further and extensive investigation.
The need for investigation into m6A-mediated transcriptome regulation is made clearer by
the above work, as an important takeaway from the work performed here is the critical differences
that are seen between the mammalian and plant transcriptome. We show that m6A in Arabidopsis
generally acts to locally stabilize transcripts, a mechanism which is lacking in mammalian
systems. Specifically, the overall consensus in mammalian research suggests m6A is generally a
destabilizing mark (Shi et al., 2017; Tang et al., 2018; Wang et al., 2014b), and earlier work
performed in plants posited a similar mechanism by demonstrating the destabilization of a handful
of transcripts (Shen et al., 2016b), despite the broader patterns demonstrating overall decrease in
transcript abundance in the absence of m6A. Care must be taken in the future to ensure
assumptions are not made regarding potential similarities between the role of m6A in plants and
mammals, as evolutionary studies have shown m6A regulation in plants may actually be far more
complex than in mammals (Scutenaire et al., 2018).
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5.2 M6A METHYLATION AND TRANSCRIPT DEGRADATION SITE CHOICE
Our work has demonstrated that m6A methylation is a crucial inhibitor of ribonucleolytic
cleavage in the 3’ UTR of methylated Arabidopsis transcripts. RRACH motifs in the 3’ UTR of
transcripts exhibit extensive cleavage and degradation 4 and 5 nt upstream of the unmodified A’s.
However, there are a multitude of RRACHs contained within the 3’ UTRs of transcripts that are
not ever marked with an m6A and are also not cleaved in the previously described manner. A gap
in knowledge that must be addressed is how are m6A sites selected for modification or left
unmethylated. Primary sequence context is insufficient to predict or explain m6A localization
within the transcriptome. However, our work within Arabidopsis demonstrates that m6A sites are
ordinarily deposited within regions of high secondary structure, and suggests that investigating
the structural contexts in which m6A sites are localized may prove a fruitful approach for shoring
up our deficiency in comprehension of modification site choice in Arabidopsis and perhaps other
eukaryotes. Highly cleaved sites within the 3’ UTRs consistently contained elevated secondary
structure and the m6A consensus motif nearby. We were able to find these sites even without
incorporating information about m6A localization indicating that structure is likely an important
regulator of this pathway.
While our PIP-seq data can demonstrate the structural contexts in which m6A occurs
(Gosai et al., 2015a; Silverman et al., 2014c), more sensitive methods are required to elucidate
which regions of a transcript pair together to form the structural landscape within a transcript.
Recent advances in structure probing methods may prove exceptionally useful in filling this gap in
knowledge. Psoralen analysis of RNA interactions and structures (PARIS) (Lu et al., 2016) a
method which can detect intra- and even intermolecular interactions within the transcriptome by
cross-linking RNA-RNA structural interactions and ligating adapters to these formed duplexes.
This allows for the capture of even distant interactions that are otherwise undetectable by other
structure probing methods. Employing PARIS in mta plants may demonstrate the structural
contexts of m6A sites before methylation occurs and identify otherwise undetectable patterns
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found across the structural landscape of the transcriptome. Once PARIS data is attained,
previously identified Col-0 m6A peaks should allow for the identification of these m6A regions
cognate binding partners in the absence of this modification.
Once the cognate binding regions of unmodified m6A sites are identified, using MEME
(Bailey et al., 2009) or another motif enrichment discovery algorithm should permit the
identification of potentially crucial information regarding the importance of structural context as
well as otherwise undetectable information regarding the primary sequences of distal
intramolecular interactions. Furthermore, by analyzing this data in the m6A sites that exhibit
inhibition of cleavage compared to those that do not may enhance our understanding of how the
same modification is able to play many different roles within the transcriptome. Assembling this
data should elucidate the currently enigmatic processes that occur prior to m6A modification.

5.3 IDENTIFICATION OF M6A READER PROTEINS, M6A-REGULATED RIBONUCLEASES,
AND OTHER ASSOCIATED PROTEINS
Future work should also be performed that focuses on identifying downstream regulators
of m6A-mediated regulation of the Arabidopsis transcriptome. Most of the YTH proteins in
Arabidopsis remain entirely uncharacterized, and they may prove to be key players in regulation
of m6A-mediated transcript stabilization. Our PIP-seq data demonstrates that regions that gain or
lose an m6A peak are ‘hotspots’ for RNA-protein interactions. We were able to demonstrate a
significant association between RNA-protein interactions that were unique to Col-0 and unique to
mta and transcripts that were m6A-modified exclusively in Col-0. These results implicate m6A as
an important switch for RNA-protein interactions throughout the transcriptome. A shortcoming of
the PIP-seq approach we used, however, is the inability to identify of any RBPs changing along
with m6A modification.
This problem of identifying which protein(s) are binding these regions is, however, a
tractable question that is important for complete understanding of this regulatory mechanism and
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may prove useful for engineering stress resistant plants. Furthermore, these RNA-protein
interactions may give important insights into our previously described mechanism of m6A
preventing ribonucleolytic cleavage. One mechanism that may allow m6A to stabilize transcripts is
the occlusion of highly cleaved sites through interactions between m6A and an RNA-binding
protein. In order to identify which proteins are binding the m6A sites and/or nearby regions that
are cleaved in the absence of m6A, in vitro experiments may be performed using synthetic RNA
regions derived from regions that are m6A modified and stable in Col-0 but unmodified and
cleaved in mta. Furthermore, it is likely that secondary structure may have a role in governing
RNA-protein interactions and as such care should be taken to identify regions that are likely to
form high levels of secondary structure in the absence of m6A and not in Col-0.
Selection of these candidate RNA regions of changing structure in the presence of m6A
may be done using the structural data generated in our PIP-seq experiments. Once the proper
probes have been selected they should be synthesized with and without m6A, thus performing
affinity chromatography using protein extracts from Arabidopsis leaf tissue should identify RBPs
that are enriched in the presence of m6A but not in the absence of this mark. Further information
can be gathered on preference for secondary structure by including a probe that has
nucleotide(s) changed so that the secondary structure is alleviated even in the absence of m6A.
These three sets of probes should provide information on three classes of RBPs, m6A interacting
RBPs, RBPs that experience inhibition of binding in the presence of m6A, and secondary
structure-regulated m6A readers that bind when m6A alters local secondary structure,
respectively.
One of the most important, if not the most important m6A-regulated RBP of unknown
identity is the yet-to-be identified ribonuclease that cleaves 4-5 nt upstream of unmodified m6A
sites. This proposed approach of RNA-affinity chromatography in m6A deficient probes may
indeed lead to enrichment of promising candidate RBPs that may be the ribonuclease or a factor
involved in its recruitment. We speculate, however, that these interactions are likely transient and
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may require faster and more sensitive approaches to identify players in m6A-regulated
ribonucleolytic cleavage. Should the transient nature of these RBPs involved in transcript
destabilization indeed prove challenging using standard affinity chromatography approaches, a
highly sensitive approach RNA-Protein Interaction Detection (RaPID) should prove a useful
method for tagging and identifying RBPs involved in cleaving these regions (Ramanathan et al.,
2018).
RaPID involves the expression of an RNA bait of choice, in this case a 3’ UTR segment
known to be cleaved in the absence of m6A modification. This bait is expressed between 2 BoxB
RNA stem-loops that are bound and recognized by the λN peptide. The RaPID system takes
advantage of this λN-BoxB interaction by fusing the λN peptide to a promiscuous biotin ligase
BirA* (Ramanathan et al., 2018). Therefore, any protein that comes to interact with the RNA bait
will be biotinylated and susceptible to streptavidin pulldown. When we express RaPID bait
constructs in the mta plants, the ribonuclease responsible for the cleavage 4-5 nt upstream of
unmodified m6A sites should be tagged and able to be pulled down and identified (Figure 5.1A).
Likewise, if we express this construct in the Col-0 background, we should be able to identify any
unknown RBPs that are involved in m6A recognition and binding (Figure 5.1B). This in turn may
provide information for determining if RNA-protein interactions is how prevention of cleavage
accomplished in the absence of m6A and this information should allow us to start answering these
detailed mechanistic questions.
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Figure 5.1 Schematic diagram for detection of the ribonuclease and other RBPs responsible for
regulating m6A-mediated cleavage by using RAPID. Green circles with the ‘B’ label represent
biotin tags A) Approach for detection of the ribonuclease that cleaves 3 ’UTRs in the absence of
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methylation. B) Approach for detection of m6A readers that may be responsible for occlusion of
ribonucleolytically cleaved sites, as well as any other m6A-interacting proteins that may occur in
Arabidopsis.

Once we have identified a protein or proteins, it will be much easier to examine the
contexts in which this observed m6A-mediated transcript stabilization becomes important.
Currently, our only approach for studying this mechanism relies on eliminating all m6A sites
regardless of their involvement in prevention of this ribonucleolytic cleavage or any other process
of interest. By identifying RBPs involved in this process, we may be able to study m6A-mediated
regulation of transcript stability during stress while only perturbing players in a specific process of
interest rather than the entirety of m6A-mediated transcriptome regulation. Or alternatively, it will
give us far more power to disentangle what is undoubtedly a complicated regulatory process

5.4 COERCION OF M6A TRANSCRIPTOME REGULATION FOR IMPROVED STRESS
RESISTANCE AND PLANT GROWTH
As the world population is set to overtake current food production capabilities, it is
imperative that we not only perform these experiments which answer basic biological questions
but use this knowledge to develop tools that facilitate the development of more stress resistant
crop plants. In support of this idea, previous observations have demonstrated that this process of
m6A-mediated transcript stabilization may be a prevalent mechanism in the 3’ UTRs of soybean,
rice, and maize transcriptions and as such demonstrates a promising avenue for crop
improvement. In order to take advantage of this mechanism, candidate UTRs that are most
susceptible to m6A-mediated regulation of transcript stability under different stress conditions
should be identified. In order to accomplish this, a reporter system should be constructed to
identify events that trigger changes in m6A deposition and ribonucleolytic cleavage regulation
within specific UTRs. An effective system for monitoring the influence of these 3’ UTRs on
transcript stability across multiple systems may be established by attaching the 3’ UTR of
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promising transcripts to a reporter gene such as GFP and further transforming plants with these
constructs (Figure 5.2).

Figure 5.2 Schematic for screening salt responsive 3’ UTRs. During salt treatment, these UTRs
will be stabilized through the addition of m6A and GFP will be produced, whereas in the absence
of salt stress, no m6A modification will occur and the transcript will be cleaved and degraded at
the unmodified site.
Accordingly, one can easily observe the influence of a variety of stresses on these UTRs
simply by observing changes in GFP expression. Changes in deposition of m6A should result in
corresponding changes in the expression of GFP. An advantage of this approach is that it also
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allows for developmental and organ-specific observations regarding the influence of these UTRs
on gene expression, as general m6A expression within tissue and throughout different
developmental stages is information currently lacking in plants. Once UTRs are identified that
regulate transcript stability under specific conditions, it should be a matter of replacing the UTRs
of genes that are desired to have either stability or instability under certain conditions with these
m6A-regulated 3’ UTRs in crops and transforming these crop species. This will provide a powerful
toolkit for allowing powerful post-transcriptional regulation of gene expression for any given
number of mRNAs in crops.
5.5 CONCLUSION
The epitranscriptome is just recently starting to get scientific attention as an important
area for research, particularly in non-mammalian systems. Many questions exist regarding the
function of m6A within a variety of biological contexts, such as which regulatory factors m6A
interacts with and what the consequences of these interactions are. This work adds to our limited
but growing understanding of the many important functions of m6A in regulating the transcriptome
in both mammal and plant systems.
Before this work, the role of m6A in plants outside of developmental contexts had been
completely unexplored. Furthermore, no known mechanism of action had been described for how
plants accomplished m6A mediated transcriptome regulation. We were able to demonstrate that
m6A is a pivotal regulator of the transcriptome that facilitates response to unfavorable
salt/osmolarity conditions. We were able to demonstrate that this regulation is accomplished
through the specific ribonucleolytic cleavage of transcripts 4-5 nt upstream of RRACH motifs that
lacked m6A methylation, providing a broad and deep understanding of the importance of m6A in
regulation of the transcriptome. This work also implicates that m6A likely regulates other stress
responses in a similar fashion.
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We further demonstrate other potentially important regulatory features influenced by m6A
in the leaf transcriptome. We demonstrated m6A disrupts secondary structure in a local manner,
and that this structural disruption is a hallmark of m6A that protects transcripts from ribonucleolytic
cleavage. We also demonstrate that m6A is associated with unique RNA-protein interactions
along the lengths of transcripts, indicating that m6A may help determine which RBPs associate
with a transcript, even outside of the immediately area of methylation.
In this work we were also able to add to the mammalian corpus of knowledge regarding
how m6A reader proteins govern oocyte development and regulation of the transcriptome. We
were able to specifically demonstrate that the m6A interacting domain of the reader protein
YTHDC1 was crucial for ensuring proper development of the oocyte, through regulating RNA
metabolism, global alternative splicing and alternative polyadenylation.
The work herein demonstrates several novel mechanisms through which transcript fate
can be altered by m6A in eukaryotes, and what ramifications may exist as a result of these altered
fate decisions. While many questions remain about the various functions of m6A, and the key
regulatory elements involved in the processes described herein, our understanding of different
consequences of m6A methylation in various systems has grown from the work accomplished
thus far. Now that novel, insightful, and broad consequences of m6A modification have been
described, tractable approaches for investigating these mechanisms in the future should further
contribute to our full comprehension of the regulatory importance of the epitranscriptome in
normal plant processes as well as during transcriptome reprogramming during their numerous
and important stress responses.
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APPENDIX A: The conservation and function of RNA secondary structure
in plants
The work below refers to work from Lee E. Vandivier, Stephen J. Anderson, Shawn W. Foley, and
Brian D. Gregory. 2016. “The conservation and function of RNA secondary structure in plants”
Annual Review of Plant Biology Vol. 57:463-488
Abstract: RNA transcripts fold into secondary structures via intricate patterns of base pairing.
These secondary structures impart catalytic, ligand binding, and scaffolding functions to a wide
array of RNAs, forming a critical node of biological regulation. Among their many functions, RNA
structural elements modulate epigenetic marks, alter mRNA stability and translation, regulate
alternative splicing, transduce signals, and scaffold large macromolecular complexes. Thus, the
study of RNA secondary structure is critical to understanding the function and regulation of RNA
transcripts. Here, we review the origins, form, and function of RNA secondary structure, focusing
on plants. We then provide an overview of methods for probing secondary structure, from
physical methods such as X-ray crystallography and nuclear magnetic resonance (NMR) imaging
to chemical and nuclease probing methods. Combining these latter methods with high-throughput
sequencing has enabled them to scale across whole transcriptomes, yielding tremendous new
insights into the form and function of RNA secondary structure.

A.1 INTRODUCTION

A.1.1 WHAT IS RNA SECONDARY STRUCTURE?
All RNAs have the capacity to base pair via Watson-Crick, Hoogsteen, or sugar-edge
patterns of hydrogen bonds (Leontis and Westhof, 2001; Schroeder et al., 2004). Intermolecular
RNA base pairing underlies the coding and replicative abilities of RNA, and enables RNA to serve
as a specificity factor in guiding the activity of processes like RNA-directed DNA methylation
(RdDM) and microRNA-mediated gene silencing. Intramolecular RNA base pairing is the basis of
RNA secondary structure, and is a critical determinant of overall macromolecular folding. In
conjunction with cofactors and RNA binding proteins (RBPs), secondary structure forms higher
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order tertiary structures and confers catalytic, regulatory, and scaffolding functions to RNA. In
turn, disrupting the secondary structure of both coding and noncoding RNAs can cause
widespread physiological perturbations. For instance, improper transfer RNA (tRNA) folding
disrupts its intricate set of interactions with tRNA synthetases, cofactors, and the ribosome that
are required for translation, thus impeding a process fundamental to life (Bhaskaran et al., 2012;
Demeshkina et al., 2010). Secondary structure is known to be equally necessary to the functions
of ribosomal RNAs (rRNAs) (Nissen et al., 2000; Ramakrishnan, 2014; Steitz and Moore, 2003;
Yusupova and Yusupov, 2014), small nuclear RNAs (snRNAs) (Fica et al., 2013; Madhani, 2013),
small nucleolar RNAs (snoRNAs) (Ganot et al., 1997; Kiss, 2002; Kiss-László et al., 1996;
Lestrade and Weber, 2006; Ni et al., 1997), and microRNAs (miRNAs) (Carthew and Sontheimer,
2009; Chapman and Carrington, 2007; Kurihara and Watanabe, 2004; Park et al., 2002; Reinhart
et al., 2002). Additionally, recent studies are beginning to demonstrate the importance of structure
in long noncoding RNAs (lncRNAs) (Novikova et al., 2012; Ponting et al., 2009; Ulitsky et al.,
2011; Wang and Chang, 2011) and messenger RNAs (mRNAs) (Ding et al., 2014; Gosai et al.,
2015b; Li et al., 2012b; Rouskin et al., 2014). Thus, a complete understanding of the regulation
and functionality of RNAs will require methods to probe and manipulate RNA secondary structure.
Here, we review these methods in the context of the form, origins, and function of RNA secondary
structure.

A.1.2 HOW IS RNA SECONDARY STRUCTURE FORMED?
As with protein folding, the formation of RNA secondary structure is not a simple matter
of maximizing the number of stable chemical bonds to minimize free energy. Instead, RNA
secondary structure is constrained by transcription, steric crowding, RBPs, and interacting ions.
For instance, RNA folding is co-transcriptional, leading to “sequential folding” that can vary with
the speed of RNA polymerase (RNAP) elongation (Schroeder et al., 2004). Moreover, RNA
folding is guided by proteins and ribozymes with RNA chaperone activity during its initial
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formation to avoid “kinetic folding traps” (local free energy minima) and improper conformations
(Kang et al., 2013; Lorsch, 2002; Mohr et al., 2002; Schroeder et al., 2004; Tompa and Csermely,
2004). Thus, the correct in vivo structure of RNA may differ substantially from structures that
spontaneously form in vitro or the minimum free energy (MFE) structures predicted in silico.
Chaperones are a diverse group of proteins functionally defined through their ability to
facilitate RNA or protein refolding. RNA refolding is sometimes facilitated by ATP-dependent
DEAD-box helicase domains (Lorsch, 2002; Mohr et al., 2002), but can also occur in the absence
of external energy. Since chaperones are characterized by their abundance of disordered amino
acids, a passive “entropy transfer” model has been proposed in which chaperones adopt the
disordered conformation of actively folding RNAs, thus stabilizing RNA folding intermediates and
enabling a more complete “conformational search” (Kang et al., 2013; Schroeder et al., 2004;
Tompa and Csermely, 2004). Regardless of their mechanism, chaperones generally lack
sequence specificity and possess a wide array of potential targets (Kang et al., 2013; Schroeder
et al., 2004; Tompa and Csermely, 2004). As a result, loss of chaperone activity usually causes
widespread misfolding and pleiotropic phenotypes (Schroeder et al., 2004).
In plants, the best characterized of these phenotypes involve osmotic stress (Castiglioni
et al., 2008; G. Chaulk et al., 2011; Kwak et al., 2005) and cold shock (Chaikam and Karlson,
2008; Jiang et al., 1997; Kim et al., 2010, 2009b; Nakaminami et al., 2006; Phadtare et al., 2002),
both of which can over-stabilize RNA secondary structure. For instance, Arabidopsis thaliana
(Arabidopsis) cold shock domain protein 3 (AtCSP3) shows in vitro RNA chaperone activity and
promotes freezing tolerance (Kim et al., 2009b). Similar CSPs have been characterized in rice
(Chaikam and Karlson, 2008; Kim et al., 2010) and wheat (Nakaminami et al., 2006). RNA
chaperones can likewise confer tolerance to salt stress (Castiglioni et al., 2008; Kwak et al.,
2005), though it has yet to be determined whether this phenotype is directly related to their RNA
chaperone activity. Intriguingly, bacterial CSPs can complement plant CSP mutants in promoting
stress tolerance (Castiglioni et al., 2008), and vice versa (Kim et al., 2007), suggesting broadly
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conserved chaperone functions. The functions of plant RNA chaperones in stress response have
been recently reviewed in depth (Kang et al., 2013; Sasaki and Imai, 2012), and suggest that
correct RNA folding is crucial for plant physiology.

A.2 RNA BINDING PROTEINS AND THEIR INTERACTION WITH RNA SECONDARY
STRUCTURE
Chaperones are only a small subset of the numerous RBPs that constrain and actively
remodel RNA secondary structures throughout the RNA lifecycle. For instance, many RBPs
contain RNA binding domains (RBDs) that preferentially bind to specific structural conformations
of RNA (Lunde et al., 2007). For instance, the RNA recognition motif (RRM) (Ding et al., 1999;
Oubridge et al., 1994) and K-homology (KH) domain (Backe et al., 2005; Braddock et al., 2002)
specifically recognize single-stranded RNA (ssRNA), while the double-stranded RNA binding
domain (dsRBD) preferentially binds double-stranded RNA (dsRNA) (Ryter, 1998). RBPs can
also target specific structural patterns, as illustrated by the sterile alpha motif (SAM) domain that
only targets stem-loops in a “shape-specific” manner (Oberstrass et al., 2006). Tandem arrays of
RBDs can likewise yield preference for more complex higher-order sequence and structural
elements. Notably, both RNA binding elements and RBPs undergo structural rearrangements in
response to binding, in a type of induced fit (Williamson, 2000). In this manner, RBPs can
stabilize certain patterns of secondary structure, constraining the set of possible structural
conformations that a RNA molecule can adopt.
It is equally important to note that even sequence-specific RBP target recognition
depends on structure. For instance, non-Watson-Crick RNA base pairing can facilitate
enlargement of the major groove of RNA helices, making it easier for ligands to bind dsRNA
(Schroeder et al., 2004). Furthermore, other sequences are only accessible when exposed at the
bulged loop of a stem-loop structure, such as the elements recognized by the zinc fingers of
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TFIIIA (Lu et al., 2003). Conversely, excess structure can sterically hinder binding of RBPs
(Kertesz et al., 2007). Thus, definition of both sequence and structural motifs (Goodarzi et al.,
2012) will be an important part in understanding how RBPs recognize their target transcripts and
ultimately form post-transcriptional regulatory networks (Tenenbaum et al., 2011).
Beyond constraining structure, there are also classes of RBPs that actively remodel RNA
base pairing. For instance, ATP-dependent RNA helicases (most notably the ribosome) actively
unwind RNA, consistent with the observation that RNA secondary structure in vivo is less than
observed in vitro in a partially ATP-dependent manner (Rouskin et al., 2014). Conversely, RNA
annealers such as Hfq and dsRBD-containing proteins speed the process of folding (Møller et al.,
2002; Rajkowitsch et al., 2007). RNA secondary structure can likewise be remodeled by
nonprotein ligands, such as metabolite-triggered riboswitches (Bocobza and Aharoni, 2014) and
inorganic ions (Draper, 2004). As a result, methods that measure RNA secondary structure
outside its native context may in fact yield incorrect predictions. In particular, algorithms that
utilize free energy minimization such as RNAFold (Hofacker, 2003) often yield very different
predictions of secondary structure than empirical structure mapping techniques (Mathews et al.,
2004; Vandivier et al., 2013). Likewise, probing deproteinated RNA could yield different results
than probing RNA in the context of its native RBPs. Thus, when studying RNA secondary
structure, it is critical to understand the limitations of each technique, since RNA folding occurs
among a network of chaperones, RBPs, and cofactors.

A.3 CLASSES OF KNOWN STRUCTURED RNA MOLECULES
A.3.1 RIBOSWITCHES

RNA secondary structure is dynamic, and thus provides a mechanism to rapidly regulate
RNAs. Perhaps the most striking example of dynamic regulation of RNA structure is based upon
bistable riboswitches, an ancient class of structural elements that rapidly change conformations in

150

response to binding of a ligand. Riboswitches are comprised of a structured RNA aptamer which
binds a ligand, and an expression platform that interacts with other RBPs involved in transcript
expression (Roth and Breaker, 2009). Additionally, they contain conserved single-stranded
portions that suggest the importance of tertiary structure (Vitreschak et al., 2004). Ligand binding
is coupled to structural rearrangements of the expression platform, resulting in altered transcript
translation and/or stability (Roth and Breaker, 2009). Currently, there are numerous known
examples of riboswitches in prokaryotes, but only the thiamine pyrophosphate (TPP) riboswitch is
known to be present in eukaryotes (Miranda-Ríos, 2007). In plants, thiamine is the ligand for the
TPP riboswitch, which resides in the 3’ untranslated region (UTR) of the thiamine biosynthesis
gene THIC and contains an alternative splice site. Thus, thiamine binding effects changes in
splicing, polyadenylation, and ultimately transcript stability (Bocobza and Aharoni, 2014). The
TPP riboswitch is highly conserved from algae to vascular plants (Bocobza and Aharoni, 2014;
Bocobza et al., 2007), and is also present in animals, fungi, and eubacteria, suggesting it is a
fundamental component of pyrimidine metabolism. Discovery of additional riboswitches remains
an open area of investigation in plants as well as eukaryotes as a whole.

A.3.2 STRUCTURE AS AN OSMOLARITY AND TEMPERATURE SENSOR

RNA secondary structure is highly sensitive to temperature and ion osmolarity (Draper,
2004, 2008; Kilburn et al., 2010; Lambert and Draper, 2007), which is demonstrated by the
importance of RNA chaperones to abiotic stress response (Castiglioni et al., 2008; Chaikam and
Karlson, 2008; Jiang et al., 1997; Kim et al., 2010, 2009b; Kwak et al., 2005; Nakaminami et al.,
2006; Phadtare et al., 2002). However, this sensitivity could also provide sessile plants with a
unique opportunity to rapidly sense changes in temperature and salinity. As with riboswitches,
these sensory RNA structures are best characterized in prokaryotes, which are known to possess
“RNA thermometers” that transduce RNA melting into regulatory changes (Johansson et al.,
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2002; Kortmann and Narberhaus, 2012; Narberhaus, 2010). One example is bacterial heat shock
transcripts, which contain structured elements that inhibit translation, but “melt” in higher
temperatures (Narberhaus, 2010). Since it remains unclear how plants directly sense temperature
(McClung and Davis, 2010), systematic elucidation of plant RNA structural elements could
provide insights into potential RNA thermometers and osmolarity sensors.

A.3.3 RIBOZYMES

RNA has the unique property of combining both catalytic and coding potential, perhaps
owing to its role as a prototypical macromolecule in life on earth (Gilbert, 1986). These catalytic
RNAs are known as ribozymes. One broad function of these RNAs is to direct RNA cleavage,
either in cis (self-cleavage) or in trans (cleavage of other transcripts). For instance, the
ribonucleoprotein (RNP) RNase P can direct cleavage of tRNAs with only its RNA core (GuerrierTakada et al., 1983; Kikovska et al., 2007). Cis-acting ribozymes include small repetitive selfcleaving RNAs, such as hammerhead and hairpin satellite sequences (Buzayan et al., 1986;
Forster and Symons, 1987). Self-splicing introns are also prominent examples of cis-acting
ribozymes, and are common across bacteria and endosymbionts such as chloroplasts (Vogel,
2002). Self-splicing introns were discovered over 30 years ago (Kruger et al., 1982) and have
been reviewed in depth (Brown et al., 2014; Haugen et al., 2005; Serganov and Patel, 2007).
Interestingly, self-splicing introns were likely evolved to form catalytic components of the
spliceosome, as evidenced by extensive homology between the U2:U6 complex of small nuclear
RNAs (snRNAs) and group II self-splicing introns (Fica et al., 2013; Madhani, 2013). Additionally,
the bacterial glucosamine-6-phosphate (GlcN6P) riboswitch has been shown to also function as a
ribozyme, which cleaves an mRNA involved in GlcN6P metabolism (Winkler et al., 2004). Thus,
there is overlap between ribozymes and RNAs that were originally thought to function simply as
structural scaffolds or sensors, hinting that many more ribozymes remain to be discovered.
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A.3.4 TRNAS, RRNAS, AND THE TRANSLATIONAL MACHINERY

The translation machinery is composed of an intricate array of RNPs, whose RNA
components must properly fold over both time and space to function. For instance, folding of
rRNAs is critical not only to form scaffolds and maintain the integrity of the ribosome, it may also
play a role in the catalytic reactions of translation (Ramakrishnan, 2014; Yusupova and Yusupov,
2014). More specifically, structural studies have revealed that the peptidyl transferase center of
the ribosome is composed of RNA, and is most likely a ribozyme (Nissen et al., 2000; Steitz and
Moore, 2003). Consistent with this hypothesis, certain drugs that inhibit translation directly target
rRNAs (Moazed and Noller, 1987b, 1987a; Ramakrishnan, 2014). tRNAs must likewise adopt
specific L-shaped tertiary structures, which are based upon “cloverleaf” secondary structures, in
order to become aminoacylated and facilitate codon-anticodon interactions (Bhaskaran et al.,
2012; Kim et al., 1974; Robertus et al., 1974). tRNA structure is also modified by posttranscriptional covalent chemical modifications, which are guided by another class of highly
structured RNAs called small nucleolar RNAs (snoRNAs).

A.3.5 SNORNAS
snoRNAs are relatively short (~150 nucleotides (nt)), highly structured noncoding RNAs
that generally direct pseudouridylation and methylation of target tRNAs, rRNAs, and snRNAs (40,
75, 76, 117). Additionally, snoRNAs may play a role as RNA chaperones in aiding the folding of
these same targets (Lestrade and Weber, 2006). In addition to forming secondary structures,
snoRNAs pair with their target RNAs to form intermolecular (duplex) structures. RNA modifying
proteins associate with the secondary structure of a snoRNA to form a snoRNP, and use these
structural features as guideposts in directing highly stereotyped RNA modifications (Ganot et al.,
1997; Kiss, 2002; Kiss-László et al., 1996; Ni et al., 1997).
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A.3.6 MIRNAs AND SIRNAs
microRNAs (miRNAs) and small interfering RNAs (siRNAs) are both components of the
eukaryotic RNA silencing machinery, which ultimately uses these small RNAs (smRNAs) to direct
transcript silencing and translational repression. In plants, these smRNAs likewise modulate
epigenetic marks via RNA-directed DNA methylation (RdDM) (Law and Jacobsen, 2010).
miRNAs and siRNAs diverge in their functional roles, but both share the requirement for
precursors with paired secondary structures. The Arabidopsis miRNA processing protein DICERLIKE1 (DCL1), for instance, targets imperfect stem-loops present in dedicated primary miRNA
transcripts, forming pre-miRNAs that are cleaved once more into mature 21 nt miRNAs (Kurihara
and Watanabe, 2004; Park et al., 2002; Reinhart et al., 2002). The siRNA machinery targets a
wide array of perfectly complementary RNAs produced from viruses, transposons, antisense
transcripts, and transcripts made double stranded by RNA-dependent RNA polymerases
(Carthew and Sontheimer, 2009; Chapman and Carrington, 2007). Given the strict requirement
for secondary structure, it is interesting to note that mRNAs with a high degree of secondary
structure tend to be processed into smRNAs (Li et al., 2012b), suggesting structure may be a
more general signal for DCL processing of other RNAs.

A.3.7 LNCRNAs
Long noncoding RNAs (lncRNAs) are a class of transcripts that neither code for proteins
nor bear resemblance to other known classes of noncoding RNAs (e.g. rRNAs, tRNAs).
Compared to mRNAs, they show little conservation at the primary sequence. However, some
lncRNAs show striking conservation at the level of synteny and function (Novikova et al., 2012;
Ulitsky et al., 2011), suggesting that selection may act upon structure rather than sequence.
Accordingly, one of the “archetypal” functions of lncRNAs is to bind proteins via structural
aptamers, and recruit their activity to modify DNA (Ponting et al., 2009; Wang and Chang, 2011).
One of the first characterized examples of this functionality was the polycomb-recruiting lncRNA
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HOTAIR (Rinn et al., 2007), and in plants similar mechanisms have been uncovered for the
lncRNAs COLDAIR and COOLAIR, which recruit the polycomb repressive complex to the
Arabidopsis FLOWERING LOCUS C (FLC) during vernalization (Heo and Sung, 2011;
Swiezewski et al., 2009). lncRNAs can also function as molecular “scaffolds” that maintain the
integrity of large complexes. One such example is TERC, an RNA component of the telomerase
complex with no apparent catalytic activity (Collins, 2008; Zappulla and Cech, 2004).
A.3.8 CODING MRNAS
A growing body of evidence is indicating that secondary structure regulates nearly every
step of the mRNA lifecycle, including transcription (Wanrooij et al., 2010), 5’ capping (Dong et al.,
2007), splicing (Buratti and Baralle, 2004; Jin et al., 2011; Liu et al., 1995; Raker et al., 2009;
Warf and Berglund, 2010), polyadenylation (Klasens et al., 1998; Oikawa et al., 2010), nuclear
export (Grüter et al., 1998), localization (Bullock et al., 2010; Subramanian et al., 2011),
translation (Kozak, 1988; Svitkin et al., 2001; Wen et al., 2008), and turnover (Goodarzi et al.,
2012).The best characterized structural elements in mRNAs include internal ribosome entry sites
(IRES) to recruit the ribosome (Pelletier and Sonenberg, 1988), histone stem loops to recruit
stabilizing factors to non-polyadenylated histone mRNAs (Williams and Marzluff, 1995), and iron
response elements (IRE) to recruit RBPs in an iron-dependent manner (Hentze et al., 1987).
mRNA can likewise contain riboswitches (Miranda-Ríos, 2007), and even produce miRNAs from
their introns and less often exons. Thus, secondary structure confers even further layers of
complexity to the “molecular palimpsest” of mRNA. In this review, we will focus significant
attention on the new insights into mRNA secondary structure gleaned from recent, transcriptomewide structure mapping.

A.4 ORIGINS OF RNA SECONDARY STRUCTURE
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The need for RNA molecules to perform a variety of coding, catalytic, and structural
functions is best framed though an understanding of its origins. According to the generally
accepted RNA world hypothesis, the first biological systems predated proteins and DNA, and
were centrally dependent on RNA molecules (Gilbert, 1986; Joyce, 1989; Lazcano and Miller,
1996). Eventually DNA would become the primary coding molecule, and protein the primary
catalytic molecule, as life evolved into more familiar and complex systems. However, the earliest
RNA molecules had the burden of storing genetic information and transmitting that code into a
functional form without the benefit of other cellular machinery. To this end, RNAs adopted
complex patterns of folding to expand their functions beyond the coding potential of their primary
sequence (Bartel and Unrau, 1999). In turn, folding enabled RNAs to function as catalysts
(ribozymes), scaffolds, and sensors.
However, the need for this dual functionality led to conflicting selective pressures, in
what is referred to as Eigen's Paradox. Specifically, these early RNA molecules had to be
relatively short (less than 100 nt) in order to maintain genetic fidelity when undergoing replication
in the absence of any proofreading machinery (Eigen, 1971). However, there are only a handful
of functional structural conformations that a RNA molecule of this size can adopt (Kun et al.,
2015). Complex structures would require longer primary sequences, at the expense of genetic
fidelity. One model that addresses this paradox posits some mutational flexibility that allow for
numerous nucleotide changes while still preserving functional structure(Kun et al., 2005, 2015),
for instance through sequence covariation.
Another pitfall of this dual functionality is that structure and coding can be mutually
inhibitory. For example, templating efficiency is correlated with a lack of structure (Lawrence and
Bartel, 2003; Suo and Johnson, 1997), while catalytic activity is known to require structural
complexity (Thirumalai and Hyeon, 2009). A potential model addressing this problem is to adopt a
strategy of sub-molecular specialization, whereby complementary RNA molecules provide distinct
and compatible functions (Ivica et al., 2013). In this scenario, the complementary strands of a
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heteroduplex dsRNA molecule, which possess similar degrees of Watson-Crick base pairing,
could diverge in their secondary structure through G:U wobble base pairing, which form via
Hoogsteen patterns of hydrogen bonding. While wobble base pairing stabilizes a folding structure
in the catalytic strand, the reverse complement A:C is not a stable base pair. In this manner, one
strand could adopt more base pairing interactions to function as a catalyst (e.g. replication
enzyme), while the other maintains less structure to preserve genetic information (Ivica et al.,
2013). Thus, non-Watson-Crick base pairs can decouple stabilizing secondary structure across
complimentary strands.
There are several lines of evidence that support the hypothesis of sub-molecular
specialization. First, the computational models developed to study this theory of early biological
systems support this idea by showing strong selection for division of labor when assuming
moderate to strong tradeoff between templating and enzymatic activity (Boza et al., 2014), and an
increase in RNA molecule fitness when wobble base pairing is permitted (Ivica et al., 2013).
Finally, the sub-molecular specialization model is observed in “living fossil” species such as
primitive viroids, which have physically asymmetric genomes (Flores et al., 2014). However, as
with much of the work aimed at proving the existence of an initial RNA world, verification in the
form of biochemical validation is lacking, in large part due to a dearth in understanding the exact
biochemical and physical properties of the environment found in such a primordial world.

A.5 METHODS FOR PROBING RNA SECONDARY STRUCTURE
A.5.1 PHYSICAL METHODS

The earliest studies of RNA folding were designed to characterize the three dimensional
shape of both prokaryotic (Kim and Rich, 1968) and eukaryotic (Kim et al., 1974; Robertus et al.,
1974) tRNAs via X-ray crystallography. The high degree of structure and short length of tRNAs
allows them to form crystallized structures more easily than other classes of RNA (Holbrook and
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Kim, 1997). Although it was a powerful technique in the early studies of RNA secondary structure,
X-ray crystallography is limited to transcripts that readily form crystals (Table A.1). Outside of
small, highly structured RNAs like tRNAs, there are few classes of RNA that can be readily
studied using this approach. Additionally, this technique utilizes in vitro folded transcripts,
providing only a snapshot of the most energetically stable structure that forms in the buffer tested.

Table A.1 Summary of methods used to probe RNA secondary structure: Abbreviations: DMS,
dimethyl sulfate; NA, not applicable; NAI, 2-methylnicotinic acid imidazolide azide; NAI-N3, 2methylnicotinic acid imidazolide azide; NMR, nuclear magnetic resonance.

Conversely, the dynamics of RNA folding can be characterized using solution-state
nuclear magnetic resonance (NMR). As opposed to crystallography, NMR can examine the
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dynamics of RNA folding. Early studies have focused on identifying dynamic secondary structure
rearrangement in the lead-dependent ribozyme during autolytic cleavage (Hoogstraten et al.,
1998), and in the U6 snRNA (Blad et al., 2005). More recent techniques have allowed greater
resolution, allowing characterization of conformational changes on the picosecond time scale
(Bothe et al., 2011; Zhao and Zhang, 2015). To date, both NMR and X-ray crystallography are
still considered the gold standard in RNA secondary structure probing, revealing the threedimensional shape of the transcript. However, they are very time and labor-intensive techniques,
requiring exhaustive tests in numerous buffer conditions. These limitations prevent such physical
methods from being utilized on a large scale.

A.5.2 IN SILICO ALGORITHIMS

Most algorithms to computationally predict RNA folding patterns are based on minimizing
free energy (Gruber et al., 2008; Mathews, 2014; Zuker and Stiegler, 1981). Though widely used,
many of these algorithms do not account for protein interactions, evolutionary sequence
conservation, or RNA dynamics (Table A.1). Additionally, the fidelity of in silico techniques is
known to decrease as a function of increasing RNA sequence length, often failing to reproduce
known rRNA structures (Zuker and Stiegler, 1981). As opposed to earlier algorithms, the Rfam
algorithm offers some improvement by prioritizing the structure of evolutionarily conserved
nucleotides, leading to higher fidelity (Griffiths-Jones et al., 2003). However, Rfam is still limited
by sequence length, and its database of secondary structure does not include models for any full
mRNA molecules. Therefore, experimentally probing structure is necessary to produce reliable
models for mRNA folding.

A.5.3 NUCLEASE-BASED METHODS
Early studies of ribonucleases (RNases) revealed that many of these enzymes
specifically cleave ssRNA. This discovery led to nuclease-based footprinting experiments to
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describe secondary structure of tRNAs (Chang and RajBhandary, 1968). In these experiments,
the tRNAs were treated with very low concentrations of a single-stranded RNase (ssRNase) in
order to induce a single cleavage event within each transcript. This resulted in a population of
partially digested transcripts, with each one terminating on a single-stranded nucleotide.
These fragments were then analyzed via end labeling, primer extension, and Sanger
sequencing. During an end labeling experiment, the 5’ phosphate group is removed from the
tRNA via phosphatase treatment, followed by addition of a radiolabeled phosphate through a
polynucleotide kinase (PNK) reaction utilizing 32P-ATP. This allows the 5’ end of each tRNA
fragment to be visualized on film after separation via polyacrylamide gel electrophoresis (PAGE).
Alternatively, the 3’ end of a fragment can be visualized via primer extension. In this technique, a
radiolabeled primer is used in a reverse transcriptase (RT) reaction. The resulting DNA is then
labeled near its 3’ end, and can be visualized via PAGE. These fragments can then be extracted
from the gel and undergo Sanger sequencing (Ehresmann et al., 1987).
In addition to secondary structure biases, RNases can have nucleotide biases,
preferentially cleaving after one or more nucleotides. ssRNases with such a bias include RNase
A, T1, and U2. RNase T1 preferentially hydrolyzes after guanosines (Loverix and Steyaert, 2001),
while RNase A and U2 cleave after purines and pyrimidines, respectively (Table A.1) (Uchida et
al., 1970; Volkin and Cohn, 1953). In contrast, nuclease P1, nuclease S1, and RNase I are
ssRNases which cleave after each single-stranded nucleotide with equal efficiency (Table A.1)
(Desai and Shankar, 2003; Knapp, 1989). These latter enzymes are therefore the preferred
ssRNases for footprinting assays.
Although there are numerous ssRNases that can be used in footprinting assays, to date
only one double-stranded RNase (dsRNase) has been identified and used in such experiments.
Isolated from the venom of the Naja oxiana (Caspian cobra), RNase V1 preferentially cleaves
dsRNA without nucleotide bias (Table A.1) (Favorova et al., 1981; Lockard and Kumar, 1981).
The enzyme has been shown to bind double helical RNA before cleavage, so it can also induce
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cleavage at single-stranded nucleotides within highly structured regions, such as loops within an
RNA hairpin. Overall, when used in conjunction with ssRNases this enzyme has helped to
produce a higher resolution image of secondary structure in several tRNAs and rRNAs (Andersen
et al., 1984; Favorova et al., 1981; Lockard and Kumar, 1981).

A.5.4 CHEMICAL BASED METHODS

A third method of experimentally probing RNA secondary structure uses chemical
adducts to modify single-stranded nucleotides. One of the first adducts used was dimethyl sulfate
(DMS), which modifies unpaired adenines and cytosines. DMS was initially used in conjunction
with diethyl pyrocarbonate and hydrazine, which modify adenosine and uridine respectively
(Table A.1), to label ssRNA in the yeast 5S rRNA and tRNAPhe (Peattie, 1979; Peattie and Gilbert,
1980). Aniline was then used to induce strand breakage at the modified bases, allowing mapping
via 5’ end labeling and PAGE. Subsequent studies revealed that RT cannot process these
modified nucleotides, leading to complimentary DNA (cDNA) products terminating at the previous
nucleotide, and allowing mapping via primer extension (Inoue and Cech, 1985; Lempereur et al.,
1985). Although these early studies were performed in vitro, DMS has been shown to easily enter
living cells (Lawley and Brookes, 1963), labeling adduct-accessible nucleotides in vivo (Antal et
al., 2002; Ares and Igel, 1990; Harris et al., 1995; Wells et al., 2000; Zaug and Cech, 1995).
In addition to occluding chemical adduct addition to the nucleoside, basepairing limits
accessibility of the 2’ hydroxyl group on the ribose sugar (Merino et al., 2005). This limited
accessibility is utilized in the selective 2’-hydroxyl acylation analyzed by primer extension
sequencing (SHAPE), in which 2-methylnicotinic acid imidazolide (NAI) covalently modifies the 2’
hydroxyl of the ribose on unpaired nucleotides (Table A.1) (Merino et al., 2005; Wilkinson et al.,
2006). Unlike DMS and other nucleoside labeling based techniques, SHAPE labels the ribose
sugar, and therefore has no nucleotide bias. Using a single reagent to label each accessible
single-stranded nucleotide allows a higher resolution picture of the secondary structure of a
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transcript than DMS, diethyl pyrocarbonate, or hydrazine alone. However, dsRNA labeling
chemical adducts are currently not available. While ssRNA can be directly identified by these
approaches, paired bases are simply inferred by the lack of data from unlabeled nucleotides

A.6 HIGH-THROUGHPUT STRUCTURE PROBING TECHNIQUES

High-throughput sequencing techniques have revolutionized the study of RNA secondary
structure. Several methods have been developed to investigate the structural landscape of
eukaryotic transcriptomes. These methods utilize structure-specific nucleases or chemical
adducts to identify single- or double-stranded nucleotides (Figure A.1).
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Figure A.1 Schematic representation of nuclease- and chemical-based probing techniques for
empirically determining RNA secondary structure. RNA can be either probed in a native state
bound by RNA-binding proteins (orange ovals) or deproteinated through extraction protocols or
proteinase K treatment. (a,b) PARS (panel a) assigns structure by the sites of transcript cleavage
( green triangles), whereas dsRNA-seq, ssRNA-seq, and PIP-seq (panel b) work by complete
digestion. (c,d ) Chemical probing works through reagents that preferentially adduct to
nucleotides in a single-stranded conformation, forming covalent modifications in either a
nucleotide-biased (panel c; green hexagons) or unbiased (panel d; blue hexagons) manner.
Although the figure shows multiple cleavage sites and covalent modifications, it is worth noting
that PARS and the chemical probing techniques work with single-hit stoichiometry, with one cut or
modification site interrogated per sequencing read. Abbreviations: DMS-seq, dimethyl sulfate
sequencing; dsRNA-seq, double-stranded RNA sequencing; dsRNase, double-stranded RNase;
icSHAPE, in vivo click selective 2 -hydroxyl acylation and profiling experiment; PARS, parallel
analysis of RNA structure; PIP-seq, protein interaction profile sequencing; ssRNA-seq, singlestranded RNA sequencing; ssRNase, single-stranded RNase; structure-seq, structure
sequencing.
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A.6.1 NUCLEASE BASED METHODS
Structure-specific RNases have been applied in a transcriptome-wide manner to reveal
the global landscape of RNA secondary structure. One of the earlier genome-wide structure
probing techniques was FragSeq (Underwood et al., 2010), which utilized nuclease P1 to cleave
ssRNA in mouse cells. This cleavage leaves a 5’ phosphate group (Kuninaka et al., 1961),
enabling their selective cloning and sequencing (Figure A.1A). The 5’ most nucleotide in these
reads therefore corresponds to an unpaired nucleotide, revealing ssRNA across the
transcriptome with single nucleotide resolution (Underwood et al., 2010). While powerful, this
technique only identifies single-stranded regions, inferring dsRNA from a lack of reads. Other
nuclease-based techniques have improved upon this method, identifying both single- and doublestranded regions.
A second nuclease-based approach is the parallel analysis of RNA structure (PARS)
technique, which used both ss- and dsRNases to probe structure in yeast (Kertesz et al., 2010)
and human tissue culture cells (Wan et al., 2014) (Figure A.1A). To do this, the authors extracted
polyadenylated RNA, which was subsequently denatured and allowed to reanneal in vitro. The
renatured RNA was then treated with a dsRNase (RNase V1) or ssRNase (nuclease S1) with
single-hit stoichiometry, and the resulting fragments underwent high-throughput sequencing to
reveal sites of cleavage. Structure is defined as the ratio of coverage in dsRNA and ssRNA
libraries, an estimate of the likelihood for a region to be single- or double-stranded. Unlike
FragSeq, this technique provides a single nucleotide resolution view of both single- and doublestranded nucleotides.
The first high-throughput secondary structure analyses in plants were both nucleasebased. These studies utilized the combination of dsRNA-seq and ssRNA-seq, in which RNA is
treated with either RNase I (an ssRNase) or RNase V1 (a dsRNase), respectively (Figure A.1B).
Unlike PARS, this technique fully digests ss- or dsRNA in a sample to allow every nucleotide of
each sequencing read to be informative, offering greater sequencing depth at the expense of
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some resolution. In contrast, PARS and FragSeq only interrogates the structure of a single
nucleotide per read. Like PARS, structure is defined by the ratio of dsRNA-seq to ssRNA-seq
coverage. Although informative, each of these initial techniques required the denaturing and
reannealing of RNA in vitro, thereby interrogating the folded RNA in a protein free environment.
Protein interaction profile sequencing (PIP-seq) is a recently developed technique that identifies
RNA secondary structure in its native state (Foley et al., 2015a; Gosai et al., 2015b; Silverman et
al., 2014a) (Figure A.1B). This technique takes tissue or cells in which RNA-protein interactions
have undergone crosslinking via formaldehyde or UV light, followed by ssRNA- and dsRNA-seq
in both the presence and absence of proteins, allowing for simultaneous genome-wide
identification of both RNA secondary structure and RNA-protein interactions.

A.6.2 CHEMICAL ADDUCTS
The desire to better understand RNA secondary structure in vivo lead to the development
of chemical adduct-based high-throughput approaches. These adducts can be added to tissue
culture cells as well as eukaryotic organisms and modify ssRNA in vivo, revealing single-stranded
protein unbound nucleotides. The first techniques were DMS-seq and Structure-seq, both of
which utilized DMS to inhibit RT progression by adducting to mostly unpaired adenines and
cytosines (Ding et al., 2014; Rouskin et al., 2014) (Figure A.1C). Like FragSeq, these data have
single nucleotide resolution, with the added advantage of being in vivo assays. Although DMS
only modifies single-stranded nucleotides, it is worth noting that RBP binding inhibits DMS
addition (Talkish et al., 2014), therefore this technique cannot differentiate between dsRNA and
protein bound ssRNA sequences.
A more recently developed technique is the in vivo click selective 2’-hydroxyl acylation
and profiling experiment (icSHAPE) (Spitale et al., 2015). This method involves treatment of cells
or tissues with 2-methylnicotinic acid imidazolide azide (NAI-N3), a cell permeable adduct that
uniformly modifies the 2’-hydroxyl group of any ssRNA nucleotide (Figure A.1D). The azide can
then be biotinylated, allowing isolation of modified RNA with greatly reduced background,
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enabling SHAPE to be coupled with high-throughput sequencing. While this technique has single
nucleotide resolution, it only modifies ssRNA and is subject to the same pitfalls as DMS-seq and
Structure-seq.

A.7 SECONDARY STRUCTURE AND ITS FUNCTION

The advent of structure mapping, both of individual RNAs and in high-throughput, has
significantly deepened our understanding of how RNA folding contributes to function. In particular, recent
high-throughput methods have yielded insights into previously uncharacterized secondary structures in
mRNAs and lncRNAs. Scaffolding and calatytic RNAs such as tRNAs and rRNAs have already been wellstudied with physical methods and have been reviewed in depth (Demeshkina et al., 2010; Giegé et al.,
2012; Nissen et al., 2000; Steitz and Moore, 2003). Thus, we focus on the growing body of knowledge
regarding structural elements in mRNA and lncRNAs.

A.7.1 SECONDARY STRUCTURE AND TRANSLATION
One central role of mRNA structure is likely to regulate protein synthesis. In support of
this hypothesis, high-throughput structure mapping of mRNAs consistently revealed a sharp
decline in base pairing around the start and stop codons (Gosai et al., 2015b; Kertesz et al.,
2010) (Figure A.2), and suggested that these regions of decreased structure are important for
efficient translation (Kozak, 1986, 1988; Pelletier and Sonenberg, 1985). More specifically, it is
thought that the single-stranded mRNA in these areas facilitates the interaction with the actively
translating ribosome. Intriguingly, similar dips in secondary structure have been observed at
actively translated upstream ORFs (uORFs) (Wang and Wessler, 2001), indicating that both
structure and sequence define start codons (Figure A.2). Overall, stop codons also consist of an
area of low structure that is highly conserved across organisms, with less well studied
implications.
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Figure A.2 Structural patterns in mRNAs, as illustrated by a folded Arabidopsis thaliana mRNA.
The displayed secondary structure profiles are representative of metagene patterns at start
codons (brown); miRNA target sites (orange); stop codons (red ); and constitutive intron (dark
blue), retained intron ( green), and cassette exon (light blue) splice donor sites.

167

Beyond its importance in marking start and stop codons, RNA secondary structure also
appears to have a functional role in defining the mRNA coding sequence (CDS). More
specifically, it was recently noticed that plant CDSs but not UTRs display a three-nucleotide
periodicity of secondary structure, in which every third nucleotide of each codon manifests an
increased likelihood of being paired. This structural periodicity may provide a differentiating
feature to allow the translational machinery to identify the protein coding from the non-coding
regions of mRNAs (Ding et al., 2014). Furthermore, computational modeling has suggested that
this three nucleotide periodicity is also useful for maintaining a helical structure in the mRNA
CDS, potentially for the purpose of enhancing RNA stability (Shabalina et al., 2006). Thus, there
are numerous mRNA structural features that likely have regulatory effects on translation.

A.7.3 PROCESSING AND STABILITY

All canonical small RNAs (smRNAs) (e.g. miRNAs, siRNAs) are processed from doublestranded precursors, suggesting that elements of high secondary structure in mRNAs might be
similarly processed. In support of this hypothesis, nuclease-based structure mapping in
Arabidopsis has revealed a positive correlation between secondary structure and smRNA
processing (Li et al., 2012b). Furthermore, highly structured transcripts are in general less
abundant and transcribed from more heterochromatic regions, suggesting that smRNA derived
from highly structured transcripts could initiate RdDM (Li et al., 2012b). In mammals, secondary
structural elements are also known to recruit RBPs that can either stabilize or destabilize mRNAs
(Goodarzi et al., 2012), so differential recruitment of RBPs might also explain the tendency of
highly structured Arabidopsis RNAs to be less abundant. In support of this hypothesis, a recent
study found that most regions of the Arabidopsis transcriptome that are bound by RBPs are less
structured (Gosai et al., 2015b).
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A.7.4 ALTERNATIVE SPLICING

One ubiquitous form of eukaryotic post-transcriptional regulation is alternative splicing,
which results in multiple mature RNA transcripts through mechanisms such as skipping of
cassette exons and intron retention. RNA secondary structure has been shown to regulate
alternative splicing, with highly structured regions being necessary for the production of certain
splicing isoforms (Solnick, 1985). One well-characterized example involves the human growth
hormone hGH-N. This gene contains two splice acceptor sites, one located within a hairpin
(acceptor site B) and a second one downstream of the hairpin. In one study, two point mutations
that inhibited hairpin formation were introduced, which resulted in all transcripts using acceptor
site B, while none used the downstream acceptor site. Introducing a complementary mutations
allowed the hairpin structure to refold, reducing usage of acceptor site B (Estes et al., 1992) and
demonstrating this was a structure-specific phenomenon. Although there are numerous such
single gene studies examining the link between splicing and RNA secondary structure (Donahue
et al., 2006; Eperon et al., 1988; Estes et al., 1992; Sirand-Pugnet et al., 1995), global analyses
have only recently been performed.
Recent global structure analyses revealed increased secondary structure at alternative
splice sites. The DMS-based Structure-seq performed in whole Arabidopsis seedlings showed
increased secondary structure upstream of alternative splice sites when compared to sequences
of similar nucleotide composition (Ding et al., 2014). This finding was expanded upon in a PIPseq study performed on nuclei from Arabidopsis seedlings, revealing distinct patterns of RNA
secondary structure and RNA-protein interactions between alternative and constitutive splice
sites (Gosai et al., 2015b). Specifically, retained introns were more highly structured across the
upstream (donor) exon than constitutive introns, with similar structure at the downstream
(acceptor) exon. Conversely, the structure at constitutive exons up- and downstream of annotated
cassette exons exhibited a very different structural profile. While the upstream exon was similarly
structured to constitutive introns donor splice sites, the downstream exon was significantly less
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structured (Gosai et al., 2015b) (Figure A.2). These data indicated that RNA secondary structure
is a global indicator of alternative splicing, and not just a feature of several specific transcripts.

A.7.6 MICRORNA TARGETING
Another method of post-transcriptional regulation is through mRNA stability via miRNA
binding. In Arabidopsis, miRNAs are first transcribed as primary transcripts (pri-miRNAs) and are
subsequently processed by DCL proteins and incorporated into an ARGONAUTE (AGO)containing RNA induced silencing complex (RISC). These miRNAs then target mRNAs containing
complementary sequences and induce RNA cleavage or inhibit translation, both of which
ultimately lead to target transcript turnover (Kurihara and Watanabe, 2004; Park et al., 2002;
Reinhart et al., 2002). As this regulation requires formation of RNA duplexes, the miRNA target
site must be accessible. In support of this hypothesis, dsRNA/ssRNA-seq analysis of unopened
Arabidopsis flower buds revealed that miRNA target sites are significantly less structured than
flanking regions (Figure A.2), indicating that they are accessible to the miRNA bound RISC
complex (Li et al., 2012b). Additionally, these results were replicated in Drosophila melanogaster
and Caenorhabditis elegans via dsRNA/ssRNA-seq (Li et al., 2012c), indicating that this is a
highly conserved phenomenon.

A.8 CONSERVATION OF STRUCTURE

The evolutionary conservation of secondary structure further supports its functional
relevance. Perhaps the best example involves rRNAs, a fundamental component of all known
organisms. Traditionally, when trying to trace evolutionary paths of organisms, it has been a
common practice to tease out lineages and speciation events based on the similarities and
divergences of rRNA sequences (Bhattacharya and Medlin, 1995; Ludwig et al., 1998). rRNA
tends to accumulate substantial amounts of sequential changes while maintaining its structure.
This covariation is due to selective pressures constraining the structure of rRNAs for their

170

physical interactions with a multitude of protein components and biochemical activities (Springer
and Douzery, 1996).
In fact, rRNA was shown to be highly conserved in these regions of protein interaction
and biochemical function, while quite variable and rapidly evolving in others (Daniele Salvi, 2010;
Oliverio et al., 2002; Schlötterer et al., 1994). These properties made it a useful candidate for
phylogenetic analysis (Buzayan et al, 1986), especially in bacteria that evolve rapidly and
undergo horizontal gene transfer. Thus, using rRNA for phylogenetic studies has now been used
in a multitude of different taxonomic groups and distinguishes taxa that would ordinarily be
difficult to otherwise resolve. In fact, rRNA analyses have been used to aid our understanding in
plants in a multitude of studies including bacterial symbiotes of plants (Yang and Crowley, 2000),
plant pathogens (Lim and Sears, 1989), and the origin of plant features themselves (Schwarz and
Kössel, 1980).

A.8.1 LNCRNA CONSERVATION

lncRNAs are a class of noncoding RNAs where function is often more dependent on
secondary structure than primary sequence (Johnsson et al., 2014; Mercer and Mattick, 2013;
Somarowthu et al., 2015). It is an interesting and important observation that lncRNAs display
more sequence conservation than introns or random intergenic regions, but significantly less
conservation than protein coding regions of mRNAs (exons) (Guttman et al., 2009; Ponjavic et al.,
2007). lncRNAs are poorly understood compared to many other RNAs, and in plants lncRNA
research is particularly sparse (Bai et al., 2015). However, it is becoming clearer that plant
lncRNAs often have important regulatory functions (Liu et al., 2015d).
Intriguingly, despite the lack of sequence conservation in lncRNAs, there is a substantial
amount of inter-species syntenic similarity, indicating a conservation of function not mediated by
sequence. Even species as evolutionarily divergent as humans and zebrafish with virtually no
sequence conservation at all maintaining a striking amount of synteny in their lncRNAs (Ulitsky et
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al., 2011), which led to the hypothesis of conserved function. To test this idea, zebrafish embryos
with a deficiency in the lncRNA cyrano were injected with the human or mouse orthologs, which
only contained very small areas (~60 nt) of highly conserved primary nucleotide sequence.
Remarkably, the orthologous lncRNAs were able to rescue the developmental phenotypes of the
zebrafish lacking the cyrano ~60% of the time (Ulitsky et al., 2011). This effect was not due to the
conserved sequences , since introducing this 60 nt region into heterologous RNA failed to rescue
the developmental defects (Ulitsky et al., 2011). The combination of functional and syntenic
conservation is highly indicative of the critical roles that structured lncRNAs play in certain cellular
processes. Understanding how selective pressures affect structural maintenance of this class of
RNAs needs to be a key focus moving forward.

A.9 FUTURE DIRECTIONS
A.9.1 ASSIGNING PAIRING PARTNERS

Both chemical- and nuclease-based probing techniques can assign base pairing status to
single nucleotides, but unlike physical methods are unable to determine the partner base of
paired nucleotides. One method to overcome this problem is to leverage chemical and nuclease
probing results as constraints for in silico algorithms (Li et al., 2012b; Mathews et al., 2004), for
instance by assigning high-confidence paired and unpaired nucleotides (Li et al., 2012b). In fact,
this approach has been shown to more accurately recapitulate known crystal structures (Mathews
et al., 2004). Nonetheless, constrained in silico folding is at best an educated guess, and cannot
directly resolve secondary structure. Future approaches could apply new methods for mapping
RNA-RNA interactions (Helwak and Tollervey, 2014; Helwak et al., 2013) to map RNA secondary
structural interactions at base pair resolution.

A.9.2 CHEMICAL PROBING OF DOUBLE STRANDED RNA
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Chemical probing methods have the advantage of being directly applicable in vivo, but all
have the same basic pitfall of being unable to directly probe paired regions of RNA molecules. All
variants of chemical probing preferentially target relaxed RNAs, and thus provide only direct
evidence from areas that lack structure. However, base pairing is inferred based on lack of
evidence, which in certain cases can lead to spurious results. For instance, RBP binding will
occlude chemical adduct addition, leading to the appearance of high structure regardless of
actual pairing state (Talkish et al., 2014). Chemical probing of dsRNA could circumvent this
problem by defining base pairing based on positive rather than negative evidence. Additionally,
certain methods of chemical probing rely upon RT stalling to infer adduct addition. Covalent
chemical modifications likewise give rise to stalling (Foley et al., 2015b), giving the appearance of
low structure regardless of actual state. However, dsRNA-specific chemical probes should be
equally sensitive to modification-induced stalling, and therefore bases with excessive stalls in
both ssRNA- and dsRNA-probed libraries could be used to rule out covalent modifications.

A.9.3 DYNAMIC CHANGES IN SECONDARY STRUCTURE

While structural studies have examined global patterns of RNA folding in a single sample,
RNA secondary structure is dynamic (Zhao and Zhang, 2015). Individual transcripts can be
refolded by RBPs, or can have post-transcriptional covalent modifications resulting in drastic
changes in secondary structure between samples (Liu et al., 2015c). Although steady state
conditions are ideal for developing novel techniques, the true biological questions need to
address the dynamic nature of secondary structure, such as the effects of stress response and
development on the global landscape of RNA folding. These studies can reveal additional
riboswitches and other environmentally responsive structural elements within plants, allowing the
identification of the complete collections of transcripts that adjust their structure in response to
various stimuli. These studies of structure regulation will undoubtedly reveal new functions for
RNA folding in plant biology.
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A.9.4 NUCLEAR AND CYTOPLASMIC STRUCTURE

As of this writing, only a single study has examined RNA secondary structure in nuclei
(Gosai et al., 2015b), with all previous studies having examined whole cell (mostly cytoplasmic)
RNA folding (Ding et al., 2014; Kertesz et al., 2010; Li et al., 2012c, 2012b; Rouskin et al., 2014;
Spitale et al., 2015; Underwood et al., 2010; Zheng et al., 2010). While whole cell studies have
consistently shown in every organism examined that the CDS of an mRNA is less structured than
its UTRs, nuclear PIP-seq has revealed the opposite trend. There are many possible
explanations for this trend, such as the secondary structure being rearranged by distinct cohorts
of RBPs, or post-transcriptional covalent modifications leading to altered secondary structure in
these two cellular locales. However, a close examination of RNA folding in both nuclear and
cytoplasmic fractions must be performed to better understand these observed differences and
parse apart their functional relevance.

A.9.5 DIVERSIFYING CELL TYPES AND ORGANISMS

To date, the study of RNA secondary structure has been limited to only a few plant
tissues in the Columbia (Col-0) ecotype of Arabidopsis (Ding et al., 2014; Foley et al., 2015a;
Gosai et al., 2015b). As RNA structure is such a dynamic moiety, it is necessary to expand these
studies. This is because there is likely a substantial amount of structural variation between
tissues and between individuals with mRNA polymorphisms (Shen et al., 1999). Furthermore, it is
clear that RNA structure can be used as an extremely specific and subtle mechanism for finetuning a variety of cellular processes (Ding et al., 2014; Donahue et al., 2006; Gosai et al.,
2015b). However, we have yet to characterize the role of RNA secondary structure in
distinguishing specific tissues and cell types.
Furthermore, there is a dearth of knowledge in our understanding of how RNA folding
functions across different species of plants. Although RNA secondary structure has been
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investigated in a variety of animal systems, Arabidopsis is the only plant studied to date.
Expanding such studies to other plants, especially those that are agriculturally important, will
advance our understanding of the form and function of RNA structure in plants. This is likely to
result in new insights and hypothesis generation for improvement of crop species in the future,
which is an important consideration in this time of expanding world populations and global climate
change.

A.10 CONCLUDING REMARKS

The advent of high-throughput structure mapping techniques has only begun to deepen
our understanding of plant RNA secondary structure. Across both coding and noncoding RNAs,
structure has proven to be a remarkably versatile element that enables RNAs to catalyze
reactions, scaffold large macromolecular complexes, sense and transduce signals, and serve as
hubs for post-transcriptional regulation. In particular, these new methods have highlighted the
presence of secondary structure in mRNAs, adding an additional level of regulation to these
information-dense molecules. While many challenges exist to directly measure native secondary
structure across the transcriptome, the systematic study of secondary structure has already
provided tremendous new insights into the form and function of RNAs, heralding a new age of
structure.

A.11 ACKNOWLEDGEMENTS

We thank the members of the Gregory lab for their helpful discussions. This work was
funded by the NSF (Career Award MCB-1053846 and MCB-1243947 to BDG) and the National
Institute of General Medical Sciences (T32GM008216-29 to SWF and T32GM007229-37 to LEV).
The funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

175

APPENDIX B: Genome-Wide Mapping of Uncapped and Cleaved Transcripts
Reveals a Role for the Nuclear mRNA Cap-Binding Complex in Cotranslational RNA
Decay in Arabidopsis

This section refers to work in: Xiang Yu, Matthew R. Willmann, Stephen J. Anderson, Brian D.
Gregory. 2016 “Genome-Wide Mapping of Uncapped and Cleaved Transcripts Reveals a Role for the
Nuclear mRNA Cap-Binding Complex in Cotranslational RNA Decay in Arabidopsis”, The Plant Cell: 28:
2385–2397
ABSTRACT: RNA turnover is necessary for controlling proper mRNA levels posttranscriptionally.
In general, RNA degradation is via exoribonucleases that degrade RNA either from the 5′ end to
the 3′ end, such as XRN4, or in the opposite direction by the multisubunit exosome complex.
Here, we use genome-wide mapping of uncapped and cleaved transcripts to reveal the global
landscape of cotranslational mRNA decay in the Arabidopsis thaliana transcriptome. We found
that this process leaves a clear three nucleotide periodicity in open reading frames. This pattern
of cotranslational degradation is especially evident near the ends of open reading frames, where
we observe accumulation of cleavage events focused 16 to 17 nucleotides upstream of the stop
codon because of ribosomal pausing during translation termination. Following treatment of
Arabidopsis plants with the translation inhibitor cycloheximide, cleavage events accumulate 13 to
14 nucleotides upstream of the start codon where initiating ribosomes have been stalled with
these sequences in their P site. Further analysis in xrn4 mutant plants indicates that
cotranslational RNA decay is XRN4 dependent. Additionally, studies in plants lacking CAP
BINDING PROTEIN80/ABA HYPERSENSITIVE1, the largest subunit of the nuclear mRNA cap
binding complex, reveal a role for this protein in cotranslational decay. In total, our results
demonstrate the global prevalence and features of cotranslational RNA decay in a plant
transcriptome.

176

B.1 INTRODUCTION

To maintain dynamic gene regulatory networks in cells, mRNA turnover is an important
process in controlling mRNA abundance at the posttranscriptional level. In general, mRNA
degradation is mediated by two main mechanisms: exoribonuclease-mediated RNA decay and
endonucleolytic cleavage-dependent RNA degradation. In the plant cytoplasm, most mRNAs are
degraded by the cytoplasmic 5′ to 3′ exoribonuclease, XRN4, and/or by the 3′ to 5′
exoribonucleolytic exosome complex. In total, the XRN family of 5′ to 3′ exoribonucleases
consists of three proteins in plants (Nagarajan et al., 2013). XRN4 is the lone cytoplasm-localized
family member, whereas both XRN2 and XRN3 are found in the nucleus (Chiba and Green, 2009;
Kastenmayer and Green, 2000). Similarly, the exosome complex has active forms in both the
cytoplasm and nucleus (Chekanova et al., 2007; Vanacova and Stefl, 2007).
In general, RNA decay is thought to be dependent on the initial removal of the 3′ poly(A)
tail by the process of deadenylation (Garneau et al., 2007). Subsequently, mRNAs can be
degraded by either 5′ to 3′ and/or 3′ to 5′ decay pathways. One exception to these general RNA
turnover mechanisms in plants is degradation triggered by internal RNA cleavage mediated by
microRNA (miRNA)-loaded RNA-induced silencing complexes. In this case, internal cleavage
products produced by miRNA-directed ARGONAUTE1 endonucleolytic cleavage results in a 3′
fragment with a free 5′ monophosphate (5′P) and a 5′ fragment with a free 3′ hydroxyl that are
degraded by XRN4 and the exosome complex, respectively (Souret et al., 2004). Interestingly,
this miRNA-mediated regulatory pathway can also mediate target RNA regulation via translation
repression (Chen, 2004; Gandikota et al., 2007).
In the nucleus of eukaryotic cells, the 7-methylguanosine cap is bound by the nuclear cap
binding complex (CBC) that consists of two proteins, CAP BINDING PROTEIN20 (CBP20) and
CAP BINDING PROTEIN80/ABA HYPERSENSITIVE1. This nuclear CBC is thought to protect
the 5′ end of mRNAs from the degradation machinery, but it has also been found to be important
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in eukaryotic gene transcription, splicing, transcript export, miRNA biogenesis, and translation
(Gonatopoulos-Pournatzis and Cowling, 2014). Additionally, the nuclear CBC functions during the
initial round of translation that occurs as mRNAs are being exported from the nucleus (Kim et al.,
2009a). In plants, this complex also plays a role in the biogenesis of miRNAs (Gregory et al.,
2008), whereby its absence results in the accumulation of miRNA precursors with a concomitant
loss of mature species (Gregory et al., 2008; Raczynska et al., 2010).
Recent studies in Saccharomyces cerevisiae demonstrated that some mRNAs are
decapped and undergo 5′ to 3′ exonucleolytic decay while still associated with translating
ribosomes (Hu et al., 2009; Pelechano et al., 2015). To do this, one group used an approach they
called 5P sequencing (Pelechano et al., 2015) that is similar to a number of approaches,
including our genome-wide mapping of uncapped and cleaved transcripts (GMUCT), that were
previously developed in plant studies (Braddock et al., 2002; German et al., 2009; Gregory et al.,
2008). These approaches specifically identify cleaved and degrading RNAs by selecting for those
molecules that have a free 5′ monophosphate (5′P). However, this initial study in S. cerevisiae did
not reveal whether cotranslational RNA degradation also occurs in plants or the features of this
process in a multicellular eukaryote (Pelechano et al., 2015). Furthermore, the role of the
nuclear CBC in cotranslational decay is also still unclear.
Here, we used GMUCT to reveal that cotranslational mRNA degradation does occur in
the Arabidopsis thaliana flower bud transcriptome. We also found some interesting features
associated with this process in plants that were not previously found in S. cerevisiae (Pelechano
et al., 2015). Finally, we demonstrated that the nuclear CBC was also required for this process in
Arabidopsis. In summary, we have provided a comprehensive characterization of cotranslational
RNA decay in a plant transcriptome.
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B.2 RESULTS
B.2.1 GMUCT IS USEFUL TO STUDY MIRNA-DIRECTED TARGET RNA CLEAVAGE AND
COTRANSLATIONAL RNA DECAY IN PLANT TRANSCRIPTOMES

To globally assess miRNA-mediated cleavage and cotranslational RNA degradation in
the Arabidopsis unopened flower bud transcriptome, we performed GMUCT on two biological
replicates of Arabidopsis flower bud RNA. This procedure starts with the immediate ligation of a
RNA adaptor directly to 5′ monophosphorylated RNA ends, thereby allowing the capture of all
uncapped and cleaved transcripts in a transcriptome of interest (Gregory et al., 2008; Willmann et
al., 2014). To focus specifically on degrading mRNAs, we aligned the resulting GMUCT reads to
full length mature mRNA transcripts (TAIR10 annotation) (Figure B.1A). We found that 79 to 82%
of unique reads were mapped to mRNA transcripts, indicating that cleaved and uncapped
mRNAs compose the majority of 5′P intermediates in our poly(A)-selected GMUCT libraries. To
determine reproducibility, we used a 100-nucleotide sliding window to determine the correlation of
nonredundant sequence read abundance between biological replicates of GMUCT. From this
analysis, we observed a high correlation in read counts between the two GMUCT replicate
libraries (Pearson correlation = 0.93) (Figure B.2A), indicating the high quality and reproducibility
of our GMUCT experiments. A more careful characterization of the read mapping locations
revealed that ∼80% of the 5′P reads were from mRNA coding sequences (CDSs) and ∼10% from
the 3′ untranslated region (UTR), whereas <5% mapped to the 5′ UTR (Figure B.2B). This shows
that, in general, 5′P reads tend to accumulate at the 3′ ends of Arabidopsis protein-coding
transcripts.
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Figure B.1 The GMUCT Approach Reveals Both miRNA-Directed Cleavage Sites in Target
mRNAs and The Features of Co-translational RNA Decay in Plant Transcriptomes (A) 5’P reads
(gray rectangle) mapping to mature mRNA transcripts (green rectangle) (B) 5’P reads (gray
rectangle mapping to mature mRNA transcripts (green rectangle) (C) Accumulation of 5’P read
ends at the last 5’ ribosome boundary due to the process of co-translational RNA decay.
We then focused on two types of cleavage events that are likely present in the 5′P read
populations produced by GMUCT: miRNA target sites and sites 16 to 17 nucleotides upstream of
mRNA codons. The latter type represents the 5′ end of a ribosome-protected footprint (∼30
nucleotides total) having the codon in its A site. This provides evidence of cotranslational RNA
decay in the Arabidopsis transcriptome (Liu et al., 2013b; Pelechano et al., 2015). To
study miRNA-mediated cleavage sites, we predicted the target sites of conserved canonical
miRNAs using psRNATarget (Dai and Zhao, 2011). We then determined whether there was
evidence of cleavage at these predicted miRNA target sites using data from the GMUCT libraries
(Figure B.1B). Additionally, to provide evidence of cotranslational RNA decay in a plant
transcriptome, we masked the list of predicted miRNA cleavage sites and determined the
accumulation of 5′P reads 16 to 17 nucleotides upstream of stop codons of Arabidopsis mRNAs,

180

which has been shown to be the exact 5′ end of the ribosome footprint during the cotranslational
decay process (Figure B.1C) (Pelechano et al., 2015).

Figure B.2 GMUCT is A Highly Reproducible Approach (A) Correlation in GMUCT read counts in
a 100-nt sliding window between two biological replicates of Col-0 opened flower buds. (B) The
percentage of 5’P reads from two Col-0 unopened flower buds that map to mRNA 5’UTRs, CDSs,
and 3’UTRs
B.2.2 GMUCT REVEALS MIRNA MEDIATED TARGET RNA CLEAVAGE EFFICIENCY

To identify miRNA cleavage sites genome-wide, we computationally predicted potential target
sites of the 45 miRNAs of Arabidopsis that are found throughout the Brassicaceae (Yu et al.,
2012) (Yu et al., 2012). We then used our GMUCT data to validate that we could detect cleavage
at these sites. From this analysis, we found that our GMUCT data identified 410 miRNA cleavage
sites that were enriched up to 8-fold compared with the 100 nucleotides that flanked these
regions (local cleavage efficiency) and 2-fold compared with average coverage of 5′ P reads
along the entire length of the transcript (global cleavage efficiency) (Figure B.1B). More
specifically, we identified a significant (P value < 2.2 × 10−100, χ2 test) accumulation of 5′P reads in
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these validated miRNA cleavage sites compared with their 100-nucleotide flanking regions
(Figure B.3A).

Figure B.3 GMUCT Provides a Global View of miRNA Target Site Cleavage Efficiency. (A)
Accumulation of 5′P read ends at miRNA target sites. The top of the rectangle indicates the top of
the third quartile, and the bottom of the rectangle indicates the bottom of the first quartile. The
horizontal bold line near the middle of the rectangle indicates the median value of two biological
replicates. The vertical line extending from the top of the rectangle indicates the maximum value,
and another vertical line extending from the bottom of the rectangle indicates the minimum value.
(B) Cleavage efficiency of miRNA target sites. The four transcripts (AP2, SPL15, TOE2, and
TCP4) with the most efficiently cleaved miRNA target sites are listed. The rest of the identified
miRNA target sites (red dots) with efficient miRNA-directed cleavage can be found in.
Although most plant miRNAs direct silencing of target mRNAs through nearly perfect
complimentary base pairing with their targets, the miRNA-directed cleavage of their target
sequences shows very different levels of efficiency. To better understand this characteristic, we
defined the set of miRNAs that demonstrated significant local and global miRNA cleavage
efficiency as described above. From these analyses, we found that two miR172 target
mRNAs, TOE2 and AP2, and two miR156 target mRNAs, SPL15 and SPL3 (Aukerman and
Sakai, 2003; Schwarz et al., 2008; Wu et al., 2009), are among the top seven transcripts with the
highest identified miRNA cleavage efficiency (Figure B.3B; Figure B.4A to B.4C). We also
identified three miR396 targets, one of which (GRF4) mediates pistil development (Liang et al.,
2014), among the genes with the highest cleavage efficiency (Figure B.3B; Figure B.4D).
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Interestingly, some genes that demonstrate very high levels of miRNA-mediated target cleavage
efficiency, such as AP2 (miR172 target), SPL3 (miR156 target), and CSD1 (miR398 target), are
regulated by translational repression (Chen, 2004; Dugas and Bartel, 2008; Gandikota et al.,
2007). However, our results suggest that these miRNA target RNAs are regulated by both
miRNA-mediated mRNA cleavage and translation repression. Overall, these findings provide a
comprehensive analysis of the miRNA-mediated cleavage efficiency for 410 target mRNA
transcripts in Arabidopsis unopened flower buds that were identified by this.
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Figure B.4 GMUCT Identifies miRNA-Directed Cleavage Sites in Target mRNAs (A) to (D) Four
of the most efficiently cleaved miRNA target sites in Arabidopsis mRNAs identified by GMUCT. In
each figure, the relative positions within the miRNA target sites are denoted by the numbering 0
to 20 (21-nt total length), and the surrounding 50 nt both up- and downstream are also shown.
The dashed vertical lines mark the region between nt 10 and 11 of the miRNA target site, as this
is the precice region where miRNA cleavage should occur.
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B.2.3 GMUCT REVEALS RIBOSOMAL PAUSING DURING TRANSLATION TERMINATION
AND A 3-NUCLEOTIDE PERIODICITY IN mRNA OPEN READING FRAMES
Because our main goal in this study was to determine the prevalence and features of
cotranslational RNA degradation in the Arabidopsis transcriptome, we did not want miRNAdirected RISC cleavage to dilute the potential signal from this degradation process. Therefore, for
all subsequent analyses, we masked all identified miRNA cleavage sites in our GMUCT data sets
(Figure B.3B), allowing us to ignore signals from these regions. We then searched for other
regions of mRNAs that gave very high signal in our GMUCT sequencing results. Using this
approach, we observed that 5′P read ends tended to accumulate just upstream of mRNA stop
codons (see Figure B.5 for an example). To determine whether there was a specific pattern in 5′P
read ends in this region, we aligned the stop codons of all detectable mRNAs in our samples.
This analysis revealed a significant (P value < 2.2 × 10−100, χ2 test) accumulation of 5′P read ends
exactly 16 to 17 nucleotides upstream from mRNA stop codons. Significantly, this corresponds
precisely to the 5′ boundary of the ribosome with its A site stalled at a stop codon (Figure B.6A).
Additionally, when focusing this analysis on the 2000 genes with highest levels of 5′P read ends,
we again found a significant enrichment (P value < 2.2 × 10−100, χ2 test) of 5′P read ends at
positions 16 to 17 nucleotides upstream of these stop codons compared with the flanking 100
nucleotides (Figure B.7). From this analysis, we also observed a clear 3-nucleotide periodicity of
5′P read ends within mRNA open reading frames (ORFs) (Figure B.6A). In total, these results
suggested that GMUCT can detect the process of cotranslational RNA decay in the Arabidopsis
transcriptome.
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Figure B.5 GMUCT Reveals Evidence of Co-translational RNA Decay in The Arabidopsis
transcriptome. An example of transcript (AT1G02130) showing the accumulation of 5’P read ends
upstream and nearby its stop codon. In the transcript model, the yellow rectangle represents the
5’ UTR the light blue represents the ORF and the green box represents the 3’ UTR of this
transcript.
To determine whether this 3-nucleotide periodicity along mRNA ORFs was a global pattern in the
GMUCT data, we broke each 3-nucleotide amino acid codon into their three possible coding
frames and labeled them 0, 1, and 2, with frame 0 representing the frame used in translation. We
then counted the accumulation of 5′P read ends in each frame along all mRNA ORFs. From this
analysis, we found that 5′P read ends accumulated at significantly lower levels (P value < 2.2 ×
10−100, χ2 test) within frame 0 compared with both other codon frames. Interestingly, frame 0 can
be considered the position most likely to be ribosome-protected on each codon, providing further
evidence of cotranslational mRNA degradation in Arabidopsis because the ribosome moves in 3nucleotide intervals along ORFs during translation (Figure B.6B). It is noteworthy that this
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observation is also consistent with our observation that the highest levels of 5′P read ends near
stop codons occurs 16 and 17 nucleotides upstream of these sequences (Figure B.6A; Figure
B.7).

Figure B.6 5′P Read Ends Accumulate at The Ribosome Boundary Site of mRNA ORF Stop
Codons and Show a 3-Nucleotide Periodicity Pattern throughout ORFs. (A) The distribution of 5′P
read ends relative to stop codons. The first nucleotide of the stop codon is numbered 0 in all
detectable mRNA ORFs. The illustration below the graph shows the 5′ ribosome boundary site
when the ribosome has an mRNA stop codon in its A site. (B) A 3-nucleotide periodicity of 5′P
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read ends is evident in Arabidopsis mRNA ORFs. Asterisks denote a significant difference at a P
value < 2.2 × 10−100 as determined by a χ2 test. Error bars represent se of the mean for two
biological replicates. (C) Enrichment of 5′P read ends at the ribosome boundary (16 and 17
nucleotides upstream) of mRNA stop codons. Red dots denote codons with significant
enrichment of 5′P read ends at their ribosome boundary sites, while gray dots denote codons that
are not significant for this value. Significance was assessed using a χ2 test.

Figure B.7 Ribosome Pausing at The Stop Codons of mRNA ORFs Provides Evidence for Cotranslational RNA Decay in The Arabidopsis Transcriptome. The distribution of 5’P read end
abundance within the 2000 transcripts with the highest accumulation of GMUCT reads near the
stop codon. The first nt of the stop codon is denoted as 0. The plot also shows the 47 nt up and
downstream of the stop codon sequence.
The observation of the 3-nucleotide periodicity in the GMUCT data led us to examine the
levels of 5′P read ends at the ribosome boundary (RB) sites (16 to 17 nucleotides upstream) for
each of the 64 codons. This includes both the start and stop codons compared with the flanking
median 5′P read ends for each of these sequences. As expected, we found a strong enrichment
of 5′P read ends at the ribosome boundary sites (16 to 17 nucleotides upstream) for all three
types of stop codons (stop [all three sequences combined], TAA, TAG, and TGA) (Figure B.6C).
However, we did not observe an enrichment of 5′P read ends at the RB sites of any other codon
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(see Figure B.8B for an example showing the GAT codon), including the proline-encoding CCG
and CGA codons that were found to promote ribosome stalling in S. cerevisiae (Pelechano et al.,
2015). Interestingly, the 3-nucleotide periodicity in our GMUCT data around start codons was
relatively weak compared with this pattern around amino acid codons found in the rest of the
ORFs (Figures B.8A and B.8B). This is consistent with previous findings from S. cerevisiae
(Pelechano et al., 2015), suggesting that the exonuclease required for cotranslational RNA decay
does not catch up with the ribosome until the ribosome is beyond the start codon performing
translation elongation within the CDS. Additionally, these results suggest that, in Arabidopsis, the
ribosome spends a substantial period of time paused only at stop codons, and not at others that
code for amino acids.
To investigate ribosome pausing at each type of stop codon (TAA, TGA, and TAG), we
looked at the 5′P read end profiles in the regions surrounding each of these three sequences
(Figure B.9). From this analysis, we found that the pattern of 5′P read end accumulation at 16 and
17 nucleotides upstream of each stop codon displayed a distinct pattern, which was not
previously observed in S. cerevisiae cotranslational RNA degradation (Pelechano et al., 2015).
More specifically, we found that, at TAA stop codons, the majority of 5′P read ends accumulated
at 16 nucleotides upstream with less being at 17 nucleotides upstream, whereas TAG showed the
exact opposite distribution (Figures B.9A and B.9B). TGA stop codons showed equally high
accumulation of 5′P read ends at both 16 and 17 nucleotides upstream (Figure B.9C). Taken
together, these results revealed that there is differential accessibility to 5′ to 3′ exoribonucleases
at the 5′ boundary of pausing ribosomes terminating at the three different types of stop codons in
Arabidopsis. These results suggest that the termination kinetics are different, and/or a distinct
complex of proteins is associated with the terminating ribosomes bound to each class of stop
codon in plants.
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Figure B.8 The Distribution of 5’P Read Ends Around The Start (A) and GAT (B) Codons in
GMUCT Experiments Using Untreated Arabidopsis Unopened Flower Buds
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Figure B.9 The Distribution of 5’P Read Ends Is Distinct within Transcripts Containing The Three
Different Stop Codon Sequences in Arabidopsis. The distribution of 5’ P read ends relative to
mRNA ORF stop codons TAA (A), TAG (B), and TGA (C).

A.2.4 GMUCT PROVIDES EVIDENCE FOR TRANSLATIONALLY ACTIVE UORFS
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When further scanning the distribution of 5′P read ends along protein-coding transcripts,
we also found a number of transcripts that had peaks at specific positions within their 5′ UTRs.
For instance, the transcript of BZIP53 displayed such a peak, and closer inspection revealed that
this accumulation of read ends corresponded especially to nucleotides 16 and 17 upstream of the
end of an upstream ORF (uORF) known as CPUORF3 found in the 5′ UTR of this mRNA (Figure
B.10A). We also observed another significant peak of 5′P read ends at 46 as well as 47
nucleotides upstream from the stop codon of CPUORF3 (Figure B.10A), indicating the presence
of tandem ribosomes pausing near the stop codon of this uORF. These results for CPUORF3
suggested that this dual peak pattern is the one normally observed at high confidence
Arabidopsis uORFs. To test this hypothesis, we aligned the stop codons of all high-confidence
TAIR10-annotated uORFs and looked at 5′P read end accumulation upstream of these
sequences. We identified a very high accumulation of 5′P read ends at 16 as well as 17
nucleotides upstream from the stop codon of this merged set of uORFs. Furthermore, we found a
second smaller peak of 5′P read end accumulation exactly 30 nucleotides (46 to 47 nucleotides)
upstream of this major cleavage site (Figure B.10B). This second major cleavage peak (46 to 47
nucleotides upstream of stop codons) was not observed by this same analysis at major proteincoding ORFs (Figure B.6A). Taken together, these results suggest that tandem ribosome
occupancy occurs quite frequently at Arabidopsis uORFs but is mostly absent from the main
protein-coding ORFs of Arabidopsis mRNAs.
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Figure B.10 Accumulation of 5′P Read Ends at the Ribosome Boundary Site Upstream of uORF
Stop Codons. (A) An uORF example (CPUORF3 in the 5′ UTR of BZIP53) that shows
accumulation of 5′P read ends at the ribosome boundary of the CPUORF3 stop codon in the two
boxes below the transcript model. In the transcript model, the yellow rectangle represents the 5′
UTR upstream of CPUORF3, the light-blue box represents the ORF of CPUORF3, the intervening
green box represents the rest of the 5′ UTR before the BZIP53 ORF (blue box), and the last
green box represents the 3′ UTR of this transcript. (B) The distribution of 5′P read ends relative to
stop codons (first nucleotide of the stop codon is numbered 0) in all detectable TAIR10 annotated
uORFs. The illustration below the graph shows how the two tandem ribosomes pausing at the
termination site (stop codon in the A site) gives 5′P read end peaks 16 and 17 nucleotides
upstream of the stop codon and secondary peaks 46 and 47 nucleotides upstream of the stop
codon.
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Recent studies have suggested that near-cognate codons, especially CTG and ACG,
could also act as plant uORF translation initiation codons (Laing et al., 2015; Liu et al., 2013b).
Given that our results suggest that GMUCT can detect translationally active uORFs that do not
overlap with the main ORF in plant transcriptomes (Figures 3A and 3B), we wanted to test this
hypothesis. Therefore, we predicted putative open reading frames in the 5′ UTRs of all
Arabidopsis mRNAs using three initiation codons (ATG, CTG, and ACG) and then determined
which uORFs predicted by GMUCT were translationally active by searching for a peak of 5′P read
ends at the stop codon ribosome boundary (16 to 17 nucleotides upstream). From this analysis,
we identified a total of 98 uORFs with enrichment of 5′P read ends at their stop codon ribosome
boundary compared with their flanking regions. A closer examination of this list demonstrated
that, among the top five predicted uORFs, were well-studied examples contained in the
5′ UTR of ATBZIP11 (AT4G34590) and XIPOTL1 (AT3G18000) (von Arnim et al., 2014; Tabuchi
et al., 2006; Wiese et al., 2004). Also, found within this list were uORFs previously predicted to be
present in the 5′ UTRs of ATCIPK6 (AT4G30960) and BZIP44 (AT1G75390) (Hayden and
Jorgensen, 2007; Liu et al., 2013b; Takahashi et al., 2012). This analysis also identified more
than 80 putative uORFs that were previously predicted, including those we found in the 5′ UTRs
of FCA (AT4G16280) and AGL4/SEP2 (AT3G02310). In total, these results support the idea of
utilizing GMUCT as a means of identifying specific, translationally active uORFs in plant
transcriptomes.

A.2.5 FOLLOWING CYCLOHEXIMIDE TREATMENT GMUCT HIGHLIGHTS THE
ACCUMULATION OF CLEAVAGE EVENTS AT THE 5’ RIBOSOME BOUNDRY OF START
CODONS

Cycloheximide (CHX) is a translation inhibitor that arrests ribosomes after they complete
a single codon addition. Thus, CHX does not inhibit translation initiation but interferes with
ribosome translocation and thus blocks translation elongation. To provide additional evidence of
cotranslational RNA decay in the Arabidopsis transcriptome, we performed GMUCT on Col-0 leaf
tissue following treatment with CHX. From this analysis, we again identified a pattern of 3-
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nucleotide periodicity within the ORFs of all detectable Arabidopsis protein-coding mRNAs
(Figure B.11), with a significant enrichment (P value < 2.2 × 10−100, χ2 test) of 5′P read ends in
frame 2 compared with frames 0 and 1 (Figure B.11A). The observation of a 3-nucleotide
periodicity in the GMUCT data across mRNA ORFs led us to examine the levels of 5′P read ends
at the ribosome boundary sites for each of the 64 codons. This includes both the start and stop
codons compared with the flanking median 5′P read ends for each of these sequences. From this
analysis, we found a strong enrichment of 5′P end reads at the ribosome boundary site of start
codons, but we did not observe an enrichment of 5′P read ends at the RB sites of any other
codon (Figure B.11B). This was expected given that CHX treatment allows ribosomes to
translocate one codon after inhibition, meaning that all initiating ribosomes should be stalled near
the start codon, while terminating ribosomes will be lost from the transcript. After aligning all
detectable mRNA transcripts by their start codons, we found a large accumulation of 5′P read
ends 13 as well as, to a lesser extent, 14 nucleotides upstream of start codons compared with
median 5′P read ends (Figure B.11C). Furthermore, a similar analysis focusing on the stop codon
revealed no peak of 5′ read end accumulation (Figure B.11D). These results are consistent with
initiating and terminating ribosomes having moved a single codon downstream of the start and
stop codons during inhibition of elongation by CHX treatment, respectively. In total, these results
indicate that GMUCT with and without CHX treatment can reveal the genome-wide landscape of
cotranslational RNA decay in plant transcriptomes.
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Figure B.11 Accumulation of 5′P Read Ends at the Ribosome Boundary Site Upstream of uORF
Stop Codons. (A) An uORF example (CPUORF3 in the 5′ UTR of BZIP53) that shows
accumulation of 5′P read ends at the ribosome boundary of the CPUORF3 stop codon in the two
boxes below the transcript model. In the transcript model, the yellow rectangle represents the 5′
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UTR upstream of CPUORF3, the light-blue box represents the ORF of CPUORF3, the intervening
green box represents the rest of the 5′ UTR before the BZIP53 ORF (blue box), and the last
green box represents the 3′ UTR of this transcript. (B) The distribution of 5′P read ends relative to
stop codons (first nucleotide of the stop codon is numbered 0) in all detectable TAIR10 annotated
uORFs. The illustration below the graph shows how the two tandem ribosomes pausing at the
termination site (stop codon in the A site) gives 5′P read end peaks 16 and 17 nucleotides
upstream of the stop codon and secondary peaks 46 and 47 nucleotides upstream of the stop
codon.
A.2.6 XRN4 IS THE RIBONUCLEASE REQUIRED FOR COTRANSLATIONAL MRNA DECAY IN
ARABIDOPSIS
Next, we wanted to determine which ribonuclease was required for cotranslational RNA
decay in plants. Given that, in S. cerevisiae, Xrn1 is required for this process (Pelechano et al.,
2015), the natural candidate is the plant ortholog XRN4. Furthermore, XRN4 is the major
cytoplasmic 5′ to 3′ mRNA-degrading exoribonuclease in plants (Chiba and Green, 2009). To
address the function of XRN4 in this process, we used previously published GMUCT data
from xrn4 mutant plants (Gregory et al., 2008) and found that the pattern of 3-nucleotide
periodicity within the ORFs of all detectable Arabidopsis protein-coding mRNAs was completely
abrogated in the xrn4 mutant GMUCT data, with no enrichment of 5′P read ends in any of the
three frames (Figure B.12A). Furthermore, we found that the strong enrichment of 5′P end reads
at the ribosome boundary site of all three stop codons compared with the median of flanking read
values found for wild-type Col-0 plants (Figure B.6C) was also completely lost in the xrn4 mutant
GMUCT data (Figure B.12B). Significantly, the normal 1.5- to 2.0-fold enrichment of 5′P read
ends found at the ribosome boundary at the stop codon sequences was completely lost in the
absence of XRN4 function (Figures 5C to 5F). Overall, these results indicate that XRN4 is the 5′
to 3′ exoribonuclease required for the cotranslational RNA decay process in plant transcriptomes.
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Figure B.12 XRN4 Is the 5′ to 3′ Exoribonuclease Required for Cotranslational mRNA Decay in
Arabidopsis. (A) The 3-nucleotide periodicity pattern of 5′P read ends is no longer evident in
Arabidopsis mRNA ORFs in GMUCT data from xrn4-5 mutant unopened flower buds. NS denotes
no significant difference as determined by a χ2 test. (B) The average number of 5′P read ends
found at the ribosome boundary (16 and 17 nucleotides upstream) of each codon compared with
the median coverage in the 50 nucleotides up- and downstream. The green dots are codons
showing significantly less of an enrichment of 5′P read ends at the ribosome boundary site in
GMUCT data from xrn4 mutant compared with wild-type Col-0, and gray dots are other codons.
Significance was assessed using a χ2 test. (C) to (F) The enrichment of 5′P read ends at the RB
site of all stop codons (C), TAA (D), TAG (E), and TGA (F) compared with median coverage in
the 50 nucleotides up- and downstream in Col-0 compared with xrn4-5 mutant unopened flower
buds. Asterisks denote a significant difference at a P value < 2.2 × 10 to 100 as determined by a
χ2 test. Error bars represent se of the mean for two biological replicates.
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B.2.7 THE NUCLEAR CAP BINDING COMPLEX HAS A ROLE IN PLANT COTRANSLATIONAL
RNA DECAY
The nuclear cap binding complex of plants is composed of two proteins: CBP20 and
CBP80/ABH1. The presence of both proteins is required for proper functionality, and this complex
is known to be involved in multiple biological processes such as mRNA stability and
splicing, miRNA processing, and the initial round of protein translation. Given its role in regulating
mRNA stability and the initiating round of translation, we wanted to explore the function of this
protein complex in plant cotranslational RNA decay. To do this, we performed GMUCT on RNA
from unopened flower buds extracted from two independent null alleles of ABH1: abh11 and abh1-8. Given that both of these mutant lines have a complete loss of ABH1 function and
give highly correlated GMUCT results (Figures B.13 and B.14A), the data from both were
averaged together for all analyses. Using this data, we first looked for the pattern of 3-nucleotide
periodicity of 5′P read ends. From this analysis, we found a pattern of 3-nucleotide periodicity
within the ORFs of all detectable Arabidopsis protein-coding mRNAs (Figure B11), with a
significant enrichment (P value < 2.2 × 10−100, χ2 test) of 5′P read ends in frames 1 and 2
compared with frame 0 (Figure B.15A). This is similar to the pattern we found in Col-0 (wild type)
(Figure B.6B). These results demonstrate that the loss of ABH1 does not completely abrogate
cotranslational RNA decay in Arabidopsis.
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Figure B.13 5’ Read Ends of RB Sites near Stop Codons Are Decreased in abh1 Mutant Plants
as Compared to Wild Tupe Col-0. An example transcript shoqing the reduced accumulation of 5’P
read ends upstream and nearby the stop codon of AT2G38670 in abh1 mutants as compared to
Col-0 plants. In the transcript model, the yellow rectangle represents the 5’UTR, the light blue
represents the ORF, and the green box represents the 3’UTR of the transcript.
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Figure B.14 The Nuclear Cap-Binding Complex of Arabidopsis Functions in Co-translational RNA
Decay (A) Correlation in GMUCT read counts ina 100-nt sliding window between GMUCT data
from abh1-1 (x-axis) and abh1-8 (y-axis) unopened flower buds. The very high correlation value
between data from these two abh1 null alleles allowed us to combine the data for comparison
with data from Col-0 plants. (B) to (D) Enrichment of 5’P ends at the ribosome boundary (RB) of
the three stop codons TAA (B), TAG (C), and TGA (D) as compared to median coverage within
the 50 up and downstream flanking nt for Col-0 as compared to abh1 mutant plants *** denotes a
significant difference at a p-value < 1x10-100 as determined by a chi-squared test. Error bars
represent standard error of the mean.
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Figure B.15 The Nuclear mRNA Cap Binding Complex Functions in Cotranslational RNA Decay
in Arabidopsis. (A) A 3-nucleotide periodicity pattern of 5′P read ends is evident in Arabidopsis
mRNA ORFs in abh1 mutant unopened flower buds. Asterisks denote a significant difference at a
P value < 2.2 × 10 to 100 as determined by a χ2 test. Error bars represent SE of the mean for two
biological replicates. (B) The average number of 5′P read ends found at the ribosome boundary
(16 and 17 nucleotides upstream) of each codon compared with the median coverage in the 50
nucleotides up- and downstream in the abh1 mutant compared with Col-0 unopened flower buds.
The red dots are codons showing significantly less of an enrichment of 5′P read ends at the
ribosome boundary site in GMUCT data from the abh1 mutant compared with wild-type Col-0,
and gray dots are other codons. (C) The distribution of 5′P read ends relative to stop codons in all
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detectable mRNA ORFs in Col-0 compared with abh1 mutant unopened flower buds. The first
nucleotide of the stop codon is numbered 0. (D) The enrichment of 5′P read ends at the RB site
of all stop codons compared with median coverage in the 50 nucleotides up- and downstream in
Col-0 compared with abh1 mutant unopened flower buds. Asterisks denote a significant
difference at a P value < 2.2 × 10 to 100 as determined by a χ2 test. Error bars represent se of
the mean for two biological replicates.

Next, we compared wild-type and abh1 mutant plants to determine the enrichment of 5′P
read ends at ribosome boundary sites (16 to 17 nucleotides upstream) with the median values at
the flanking 100 nucleotides of all codons. From this analysis, we found that the enrichment of 5′P
read ends at the ribosome boundary of all three stop codons was decreased in abh1 mutant
plants compared with the wild type (Figure B.15B). As an example, AT2G38670 demonstrated a
decrease in 5′P read ends at the ribosome boundary of its stop codon in both abh1 alleles
compared with two replicates of the wild type (Figure B.13 8). To complement these results, we
aligned all detectable Arabidopsis mRNAs by their stop codons and then investigated the pattern
of 5′P read ends. We observed that 5′P read ends were increased in abh1 mutant plants
compared with the wild type (Figure B.15C), likely due to the function of ABH1 in maintaining
mRNA stability. However, consistent with the results of a decrease of cleavage at the ribosome
boundary at all three stop codons (Figure B.15B), we found that the accumulation of 5′P read
ends 16 to 17 nucleotides upstream from the stop codon was globally decreased in abh1 mutants
compared with the wild type (Figures 6C and 6D; Figure B.13 8). In fact, the normal 1.5- to 2.0fold enrichment of 5′P read ends found at the ribosome boundary of stop codon sequences was
significantly (P value < 2.2 × 10−100, χ2 test) decreased (down to ∼1.2-fold) in the absence of
ABH1 function (Figure B.15D; Figure B.13s 9B to 9D). Overall, our results reveal a role for the
nuclear cap binding complex in plant cotranslational RNA decay.

A.2.8 GLOBAL MEASUREMENT OF COTRANSLATIONAL RNA DECAY IN ARABIDOPSIS
The GMUCT approach produces a global view of the uncapped transcript pool, having a
mix of all degrading mRNAs that includes targets of cotranslational RNA decay, general
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ribosome-free degrading mRNAs, and miRNA cleavage products. However, we wanted to get a
clear picture of the degree that XRN4 and ABH1 affected the proportion of transcripts specifically
undergoing cotranslational RNA decay. To do this, we developed a method to measure the
strength of cotranslational RNA decay for each detectable Arabidopsis transcript. A previous
study identifying cotranslational RNA decay in S. cerevisiae revealed that Xrn1 was able to
cleave only in frame 1, but not in frames 0 or 2 (Pelechano et al., 2015). However, we observed
accumulation of 5′P read ends for both frames 1 and 2 compared with 0 (Figure B.6B), revealing
that Arabidopsis XRN4 is able to cleave in two frames and not just one. Therefore, we defined the
cotranslational RNA decay index (CRI) for a given gene as the log2 ratio of average 5′ read ends
corresponding to the two unprotected frames ((f1 + f2)/2) with respect to those in the protected
frame (f0) (Figure B.16A). Therefore, a CRI of 0 reflects a complete absence of cotranslational
RNA decay in that plant background. As mentioned previously, ABH1 functions in miRNA
biogenesis. Therefore, to avoid interfering signals from this process in the abh1 mutant data, we
filtered out all miRNA target genes (Figure B.3B; Supplemental Data Set 1) from this analysis. In
the wild type, we found the average of the CRI distribution for all detectable transcripts was 0.283
(Figure B.16A). Conversely, in xrn4 mutant plants we observed that the peak of
the CRI distribution decreased to 0.053, indicating that the loss of XRN4 function almost entirely
disrupts cotranslational mRNA decay in Arabidopsis (Figure B.16A). As expected, we also found
that the peak of CRI distributions decreased to ∼0.184 in abh1 mutant plants. This value is
between the CRI peaks of the wild type and xrn4, and that is consistent with a decrease in, but
not a complete loss of, the proportion of cotranslational RNA decay in the absence of ABH1
function (Figure B.16A). Overall, these results demonstrate that both XRN4 and the nuclear cap
binding complex function in cotranslational RNA decay in a plant transcriptome.
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Figure B.16 The Levels of Cotranslational RNA Decay Vary between Col-0, xrn4, and abh1. (A)
Histogram of cotranslational RNA decay index values as determined for Col-0 (red line), xrn4
(green line), and abh1 (blue line). The loss of XRN4 almost entirely abolishes cotranslational RNA
decay in Arabidopsis, whereas the absence of ABH1 has a more intermediate effect on this
process in Arabidopsis. (B) GO analysis of the group of transcripts with a cotranslational RNA
decay index value higher than 1. The length of each bar in the graph is the enrichment ratio of
each GO term for genes giving rise to transcripts with high CRI (red bars) or a background control
set (blue bars). The value specified for each set of bars is the FDR of enrichment for each
denoted GO term in high CRI genes compared with the background control set.
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A closer examination of the effect of ABH1 on CRI revealed that ABH1 significantly affects (all P
values < 0.05; Student’s t test) the proportion of cotranslational decay for 821 Arabidopsis
mRNAs, with 625 and 196 mRNAs showing decreased and increased values, respectively
(Figure B.16A). These results not only explain the overall negative effect of ABH1 on CRI values
in the Arabidopsis transcriptome, but also demonstrate that ABH1 affects only specific
cotranslational RNA decay target transcripts. To determine whether ABH1 regulates
cotranslational RNA decay target mRNAs that encode proteins with coherent functions, we
performed a gene ontology analysis using the list of all transcripts with significantly
different CRI values between abh1 mutant and wild-type Col-0 unopened flower buds. From this
analysis, we observed a significant enrichment (false discovery rate [FDR] < 0.05) in transcripts
encoding proteins involved in response to stress, cold, temperature stimulus, and abiotic stress
(Figure B.17B). This is consistent with the known roles of ABH1 in plant abiotic stress response
(Daszkowska-Golec et al., 2013; Hugouvieux et al., 2001). Overall, our results demonstrate that
ABH1 is required for cotranslational RNA decay of a specific set of mRNAs that are at least
partially degraded by this process and suggest that this regulatory function is required for its roles
in various plant abiotic stress responses.
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Figure B.17 The Levels of Co-translational RNA Decay Vary Significantly between miRNA Target
Transcripts Regulated by Translation Inhibition and Those That Are Not , and GO Enrichment of
Genes With Significantly Different CRI Values between Col-0 and abh1 Mutant Unopened Flower
Buds (A) Boxplot of co-translational RNA decay index (CRI) values for miRNA target genes that
are regulated by translation inhibition (purple box) and those that are not (red box). We found a
significant difference between the CRI values of these two collections of miRNA target transcripts.
The p-value of the significance test (chi-squared test) is shown at the top fo the boxplot. Boxes
extend from the 25th to 75th percentiles. Lines in the middle of the box are plotted at the median.

207

Whiskers are drown down to the 5th percentile and up to the 95th. (B) Gene Ontology (GO)
analysis for the group of transcripts that display significantly different CRI values between Col-0
and abh1 mutant unopened flower buds. The value on each bar in the graph is the FDR
enrichment for each GO term. DC-transcripts denotes transcripts with significantly different CRI
values for abh1 mutant compared to Col-0 unopened flower bud GMUCT data sets.
Given the effects that ABH1 had on specific cotranslational RNA decay target transcripts,
we wanted to determine if this process in general preferentially targets mRNAs encoding proteins
with common cellular functions for turnover. To explore this idea, we performed a gene ontology
analysis using the list of all mRNAs with a CRI higher than 1. We focused on these transcripts
because they are the ones that display the highest proportion of cotranslational RNA decay in the
Arabidopsis transcriptome. From this analysis, we observed a significant enrichment (FDR <
0.05) of transcripts encoding proteins involved in DNA replication, regulation of transcription,
response to auxin stimulus, double-stranded RNA binding, protein binding, and organ
development (Figure B.16B). Overall, these results reveal that transcripts encoding proteins with
common cellular functions are highly cotranslationally degraded. Furthermore, these results
suggest that this degradation pathway is involved in regulating the proper abundance of
transcripts involved in these processes in plants.
Finally, we wanted to explore the possibility that miRNA-directed translation inhibition
would affect the proportion of target transcripts regulated by this mechanism within the
cotranslational RNA decay process. To test this, we compared CRI values between miRNA target
genes known to be translational inhibited (Li et al., 2013) to those that have not been shown to be
regulated by this mechanism. From this analysis, we found that those transcripts regulated by
translation inhibition showed significantly higher (P value < 0.05; χ2 test) CRI values compared
with all other miRNA target mRNAs in Arabidopsis unopened flower buds (Figure B.17A). In
summary, our results revealed an interesting link between miRNA-mediated translation inhibition
and cotranslational RNA decay.

B.3 DISCUSSION
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Several recent studies revealed that heat stress triggers ribosome pausing on the 5′ end
of transcripts encoding HSC/HSP70 chaperone targets in both mammals and plants (Liu et al.,
2013a; Merret et al., 2013, 2015; Shalgi et al., 2013). For instance, a study in Arabidopsis found
that heat stress causes 5′ ribosome pausing that ultimately results in XRN4-mediated decay of
translating mRNAs (Merret et al., 2015). These results revealed that cotranslational RNA decay
can occur in the plant transcriptome under stress conditions. However, whether cotranslational
RNA decay occurs in plants under normal development was largely unknown. In this study, we
provide evidence that this degradation process is widespread in the model plant Arabidopsis
transcriptome. In support of this and consistent with a recent study on cotranslational RNA decay
in S. cerevisiae (Pelechano et al., 2015), our GMUCT approach reveals that 5′P read ends have
a pattern of 3-nucleotide periodicity and accumulate 13 and 14 nucleotides upstream of the start
codon in GMUCT data from Col-0 plants treated with the translation inhibitor CHX (Figure B.11).
Furthermore, we observed accumulation of 5′P read ends upstream of all three stop codons,
showing that ribosomes pause during the process of translation termination in Arabidopsis
(Figure B.6; Figure B.9). However, unlike in S. cerevisiae (Pelechano et al., 2015), we found that,
in plants, 5′P read ends were enriched in both frames 1 and 2 compared with frame 0 and that
they accumulate at both 16 and 17 nucleotides upstream of stop codons (Figure B.6). More
interestingly, we found that each stop codon gave a specific 5′P read end accumulation pattern at
these two nucleotide positions (Figure B.9). In fact, the opposite patterns were observed for TAA
and TAG at nucleotides 16 and 17. One interpretation of these results is that these two
sequences interact with distinct ribosomal termination complexes, each of which confers different
accessibility to RNase-mediated cleavage during cotranslational RNA decay. Also, the equal
levels of 5′P read ends at both nucleotide positions observed for TGA stop codons suggest that
both ribosomal termination complexes are active on transcripts containing this sequence.
Alternatively, these findings may reveal that the kinetics of translation termination by the plant
ribosome vary depending on the different stop codon sequences.
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Consistent with our findings (Figure B.8), it was previously observed in S. cerevisiae that
the 3-nucleotide periodicity of 5′P read ends near the start codon was relatively weak compared
with within the rest of the gene and just upstream of stop codons (Pelechano et al., 2015). These
findings, in combination with our observation of relatively low 5′P read ends in 5′ UTRs compared
with 3′ UTRs (Figure B.2B), suggest that the exonuclease required for cotranslational RNA decay
(XRN4) takes time to catch up with the ribosome during productive translation elongation. This is
likely the reason that ribosome pausing at stop but not start codons can be detected
by GMUCT without CHX treatment, whereas ribosomal profiling detects a density of higher
ribosome footprints within the first 50 codons of the CDS (5′ ramp effect), as well as ribosomes
paused at the start codon (Ingolia et al., 2011; Lauria et al., 2015; Tuller et al., 2010). Additionally,
we also observed extension of the 3-nucleotide periodicity beyond the 16- to 17-nucleotide
upstream of stop codon (stop codon RB) and into the 3′ UTR (Figure B.6A), which was also found
to occur in S. cerevisiae (Pelechano et al., 2015). These findings are likely the consequence of
stop codon read-through by the ribosome at many mRNAs, which has also be found to occur
frequently on Drosophila melanogaster and mammalian protein-coding transcripts (Dunn et al.,
2013; Jungreis et al., 2011; Loughran et al., 2014).
Unlike in S. cerevisiae, we found that only the stop codon sequences, and none that
coded for addition of an amino acid, were able to induce ribosome pausing (Figure B.6C). This
previous study also demonstrated that the pausing ability of specific amino acid codons changed
during S. cerevisiae oxidative stress response (Pelechano et al., 2015). Given these results and
the previous results revealing ribosomal pausing during heat stress (Shalgi et al., 2013; Merret et
al., 2013, 2015), it will be interesting to use GMUCT to test whether specific amino acid codons
can induce ribosomal pausing during various plant stress responses.
Additionally, we found the ability of GMUCT to detect cotranslational mRNA decay in
plant transcriptomes allowed us to identify translationally active uORFs that do not overlap with
the downstream main ORF in Arabidopsis unopened flower buds (Figure B.10B). From our
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analyses, we identified uORFs that had been previously studied and/or predicted, as well as a
rather large collection of novel uORFs. For instance, we provide evidence for translationally
active uORFs in the 5′ UTRs of FCA (AT4G16280) and AGL4/SEP2 (AT3G02310). It will be
interesting in the future to determine whether the uORFs identified by this study play a role in
regulating translation from the downstream main ORFs in their parent transcripts.
One other feature that we noticed at translationally active uORFs was a peak of 5′P read
ends 46 to 47 nucleotides upstream of their stop codons (Figure B.10B), a pattern that was not as
prevalent when looking at these same positions of main mRNA ORFs (Figure B.6A). This second
peak of 5′P read ends indicates the presence of two ribosomes being engaged near the stop
codon of uORFs and occurs more frequently in these 5′ UTR localized sequences compared with
main ORFs. In combination, these findings reveal that translation termination is the main cause of
ribosome pausing during translation elongation in Arabidopsis. Furthermore, the difference
between upstream and main ORF 5′P read-end patterns suggests that translation termination
occurs more slowly at uORFs compared with main protein-coding ORFs. Determining the
molecular details behind the differences in translation termination of upstream compared with
main protein-coding ORFs in Arabidopsis will be an important focus for future inquiry.
Interestingly, we did not observe a clear 3-nucleotide periodicity within the coding regions
of uORFs (Figure B.10B). This is likely a consequence of the short length of their primary
nucleotide sequences. For instance, their small size may not provide sufficient time for XRN4 to
catch up to the ribosome until it is paused for termination. Alternatively, we observed the GMUCT
signature of tandem ribosome pausing in many uORF instances (5′P read ends 46 to 47
nucleotides upstream of their stop codons) (Figure B.10B). This may result in better protection
of uORF sequences from XRN4 cleavage. Future experiments will be required to determine the
lack of 3-nucleotide periodicity observed in uORF coding regions.
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Using GMUCT data from xrn4 and abh1 mutant plants (Figures B.12 and B.14), we
demonstrated that both of these proteins functioned in cotranslational RNA decay in plants. In
fact, in the absence of XRN4 function we found that all evidence of cotranslational RNA decay in
GMUCT data was lost, including the 3-nucleotide periodicity pattern of 5′P read end in ORFs and
their accumulation at the ribosome boundary site upstream of stop codons (Figure B.13). These
findings indicate that plant cotranslational RNA decay is dependent on the cytoplasmic 5′ to 3′
exoribonuclease XRN4, a result that is not surprising because the S. cerevisiae ortholog Xrn1 is
required for this process (Pelechano et al., 2015).
The nuclear cap binding complex, which consists of two subunits (CBP20 and
CBP80/ABH1), plays multiple roles in RNA metabolism, including functioning in processing of
miRNAs, mRNA splicing, and the initial round of translation (Gregory et al., 2008; Kim et al.,
2009). These functions in general RNA metabolism and the initiating round of translation spurred
us to test whether this mostly nuclear complex of proteins also functions in cotranslational RNA
decay. Using GMUCT data from two null alleles of abh1, we discovered an unexpected role of the
nuclear mRNA cap binding complex in this process. More specifically, we found that
cotranslational RNA decay is decreased ∼50% in the absence of ABH1, unlike in xrn4 mutant
plants where this process is almost entirely absent (Figures 5, 6, and 7A). Interestingly, a closer
look at this effect on cotranslational RNA decay revealed that 821 transcripts had CRI values that
are significantly different in abh1 mutant compared with Col-0 plants. In fact, 76% of these
mRNAs had a significant decrease in CRI value, explaining the overall decrease in the proportion
of transcripts undergoing cotranslational RNA decay in the absence of ABH1 function.
Intriguingly, the transcripts whose CRI is affected by the loss of ABH1 function tend to encode
proteins involved in abiotic stress responses, especially those involved with temperature stimulus.
Given that ABH1 is known to function in various abiotic stress responses (Hugouvieux et al.,
2001; Daszkowska-Golec et al., 2013), these results suggest that its functions in cotranslational
RNA decay and abiotic stress response are linked. Future experiments will be required to
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determine the mechanistic details of this functional link between cotranslational RNA decay and
plant abiotic stress response.
As noted, ABH1 functions in multiple general mRNA metabolic processes, including
splicing, general RNA stability, and the initiating round of translation. Therefore, there are many
mechanisms by which this protein may affect cotranslational RNA decay. We first determined that
ABH1 did not affect XRN4 expression. To do this, we looked at the levels of this transcript in
expression data from the abh1 mutant background (Gregory et al., 2008). We found no significant
difference in XRN4 levels in abh1 mutant compared with Col-0 plants, indicating the change in
cotranslational RNA decay in abh1 mutant plants is not merely a consequence of reducing the
levels of the exoribonuclease that is required for this process. Other mechanisms that may be
involved in the function of ABH1 in cotranslational RNA decay include, but are not limited to (1)
determining which transcripts are degraded by a cotranslational or general RNA decay
mechanisms; (2) shuttling RNAs into the cotranslational RNA decay pathway during the initiating
round of translation; and (3) affecting alternative splicing leading to greater degradation by
cotranslational RNA decay of inappropriately spliced transcripts. We note that these models are
not mutually exclusive, and we are intrigued by the possibility that the initiating round of
translation may have an impact on cotranslational RNA decay in plant transcriptomes. However,
significant future work is required to elucidate the mechanistic details of the involvement of ABH1
in this RNA decay pathway.
We also used CRI values to identify a subset of mRNAs that displayed the highest
proportion of cotranslational RNA decay products in Arabidopsis unopened flower buds.
Interestingly, these transcripts tended to encode proteins with coherent functions in processes
such as response to auxin, nucleic acid metabolic processes, DNA replication, and regulation of
transcription (Figure B.16B). The finding that transcripts involved in auxin response are highly
targeted by cotranslational RNA decay is fitting given the recent findings that Arabidopsis
ribosomal proteins control developmental programs through translational regulation of auxin
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response factors (Rosado et al., 2012). Thus, regulating both transcript translation and turnover
provides tight control of the developmental effects of auxin in Arabidopsis. The links between
these two processes will need to be further investigated by future experiments. Overall, our
findings suggest that mRNA transcripts that display extremely high CRI values are likely to be
targeted during active translation by the cotranslational RNA decay pathway to regulate their
functional output in coherent functional pathways in Arabidopsis. Thus, determining the effect of
this pathway on normal plant growth and development should be further examined in the future.
Finally, we compared CRI values of miRNA target genes known to be regulated by
translation inhibition with those that are not. This analysis revealed that miRNA-mediated
translation inhibition is likely a significant trigger of cotranslational RNA decay in Arabidopsis
(Figure B.17A). The intriguing link between this miRNA-mediated silencing mechanism and
cotranslational RNA decay will need to be further investigated in the future to elucidate the
mechanistic details.
In summary, our results provided a global view of XRN4-mediated cotranslational mRNA
decay in a plant transcriptome. Furthermore, they uncovered a link between the nuclear mRNA
cap binding complex and cotranslational mRNA decay and demonstrated that GMUCT provides
evidence of translationally active uORFs in plant transcriptomes. Thus, future GMUCT-driven
studies of plant translation will undoubtedly discover additional features of this process during
both normal development and stress response.

B.5 METHODS
Plant Materials and GMUCT Library Construction
GMUCT libraries were constructed using RNA from two biological replicates of leaves 5
to 9 of 4-week-old Arabidopsis thaliana Col-0 (Arabidopsis) that had been treated with the
translation inhibitor CHX and unopened flower buds from biological replicates of two abh1 alleles
(abh1-1 and abh1-8) using the GMUCT 2.0 protocol (Willmann et al., 2014). In brief, RNA was
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first subjected to poly(A)+ selection followed by immediate ligation of a 5′ RNA adapter. An
additional poly(A)+selection step was performed to purify the adapter ligated RNAs. These
samples were used as the substrates in reverse transcription reactions using a reverse
transcription primer that was composed of the 3′ adapter sequence on the 5′ end and a random
hexamer on its 3′ end. This allowed for the addition of the 3′ sequencing adapter during reverse
transcription. Finally, the GMUCT libraries were amplified and indices were added using a limited
PCR amplification reaction.
Mapping GMUCT Reads to mRNA Transcripts
All GMUCT reads (50-nucleotide single-end sequences) were aligned to full-length
mature mRNAs extracted from the TAIR10 genome annotation using STAR (version 2.4.0 with
parameters “—outFilterMultimapNmax 10 –outFilterMismatchNmax 10–
outFilterMismatchNoverLmax 0.10”) (Dobin et al., 2013). Subsequently, the SAM files were
converted to BED files containing only the first (most 5′) nucleotide of each read, denoting the
cleavage sites resulting in 5′P intermediates. For assessing GMUCT data reproducibility, 5′P
reads for each 100-nucleotide bin along all mRNAs were counted. Then a Pearson correlation
coefficient was calculated between the two GMUCT replicate libraries, and scatterplots were
produced. Additionally, the ratio of total 5′P reads in the annotated 5′ UTR, CDS, and 3′ UTR of
mature mRNAs was determined.
Prediction of Canonic miRNA Targets and Precise Cleavage Sites
Sequences for the 45 canonical miRNAs conserved between Arabidopsis and the
Brassicaceae were downloaded from miRBase. Their putative targets were predicted using
psRNATarget (http://plantgrn.noble.org/psRNATarget/) using default parameters. The cleavage
sites of 21-nucleotide miRNAs are between the 10th and 11th nucleotide of the miRNAs as
counted from the 5′ end. The 5′P reads within the 100-nucleotide flanking regions of miRNA
cleavage sites were also counted. The local cleavage efficiency of miRNAs represents the
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log2 transformation of the ratio of 5′P read ends at miRNA cleavage sites divided by the median
5′P read end coverage in 100-nucleotide flanking regions. The global cleavage efficiency of
miRNAs represents the log2transformation of the ratio of 5′P read ends at miRNA cleavage sites
divided by the average 5′P read-end coverage throughout the entire transcript. These statistics
indicate the proportion of cleavage products in a given mRNA that are due to miRNA-mediated
cleavage. χ2 tests were performed to assess significant differences between 5′P read ends
in miRNA cleavage sites compared with the flanking median 5′P read end coverage or average
5′P read-end coverage throughout the entire transcript.
Defining a 3-Nucleotide Periodicity Pattern in ORFs and Enrichment Analysis of 5′P Read End
Accumulation Due to Ribosome Pausing at Each Codon
The three coding frames of each codon are represented as frame 0 (f0), frame 1 (f1), and
frame 2 (f2), with frame 0 being the one used in translation. f1 and f2 are cleavage-accessible
frames, while f0 is not accessible to cleavage. The abundance of 5′P read ends that accumulated
in each frame along all ORFs was quantified. To determine whether the difference in
accumulation of 5′P read ends was significantly different between each frame, a χ2 test was
performed to assess the significance of each pairwise comparison. To survey ribosome pausing
at each type of codon, the enrichment of 5′P read ends at the ribosome boundary (16 to 17
nucleotides upstream from each codon) compared with the median number of 5′P read ends
within the flanking 100 nucleotides was calculated for Col-0 with and
without CHX treatment, xrn4, and abh1. We also compared the enrichment at these positions
upstream of stop codons between Col-0 and xrn4 as well as abh1mutants. To determine the
significance of differences in these comparisons, we used a χ2 test.
Prediction of Putative Translationally Active uORFs Identified by GMUCT
All 5′ UTRs of annotated protein-coding genes were scanned to identify potential ORFs
that begin with the start codons ATG, ACG, or CTG and that also contain a defined stop codon
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following a short ORF. Putative translationally active uORFs that did not overlap with main ORFs
were subsequently identified as those where 5′P read ends were enriched at least 2-fold at
nucleotide 16 and/or 17 upstream from the stop codon compared with the flanking 100
nucleotides.
Measurement of Cotranslational RNA Decay
We determined the CRI to measure the proportion of cotranslational RNA decay for each
gene. The CRI for a given gene represents the log2 ratio of average 5′P read end coverage at
cleavage-accessible frames (f1 and f2) divided by the 5′P read coverage of the frame that is not
accessible to cleavage (f0). This function is

expressed as: .

The CRI distributions for all mRNAs measured in GMUCT samples for Col-0 as well
as abh1 and xrn4 mutant plants were plotted. Transcripts with CRI values that were significantly
different in abh1 mutant compared with Col-0 plants were identified by Student's t test with P
values < 0.05. CRI values were compared between miRNA target genes known to be regulated
by translation inhibition with those that are not. χ2 tests were performed to assess significant
differences.
Gene Ontology Analysis
ORFs of genes with a CRI higher than 1 in Col-0 were extracted, and Gene Ontology
(GO) analysis was performed using agriGO (http://bioinfo.cau.edu.cn/agriGO/). GO terms with
FDRs less than 0.05 were selected. GO analysis for the group of transcripts that display
significantly different CRIvalues between Col-0 and abh1 mutant plants was also performed as
described above.
Accession Numbers
GMUCT sequencing data for the libraries made with RNA extracted from leaves 5 to 9 of
4-week-old Col-0 that had been treated with the translation inhibitor CHX and unopened flower
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buds of abh1-1 and abh1-8 have been deposited in the Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo) under accession number GSE71913. Previously published
GMUCT data for Col-0 (GSM1145327 and GSM1145328) and xrn4 (GSM284752) mutant
unopened flower buds were obtained from the Gene Expression Omnibus under the accession
numbers GSE47121 (Willmann et al., 2014) and GSE11070 (Gregory et al., 2008), respectively.
The gene accession numbers for XRN4 and ABH1 are AT1G54490 and AT2G13540,
respectively.
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